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Abstract	  
Whilst	   diamond	   nanoparticles	   have	   been	   synthesised	   by	   the	   detonation	  method	  since	  the	  middle	  of	  the	  20th	  century,	  it	  was	  not	  until	  the	  development	  of	  their	   fully	   dispersed	   form	   in	   2008	   that	   the	   hugely	   varied	   array	   of	   potential	  applications	   opened	   up.	   These	   prospective	   uses	   are	   described	   in	   chapter	   2,	  spanning	   the	   breadth	   of	   the	   sciences;	   from	   the	   chemical	   (ion	   sensors	   and	  electrochemical	   electrodes),	   the	   biological	   (drug	   delivery	   and	   intracellular	  monitoring),	  to	  the	  physical	  (composite	  materials	  and	  growth	  nucleation	  seeds).	  Highlighting	   this	   versatility,	   chapter	  5	  of	   this	   thesis	   covers	   the	  use	  of	  ND	  as	   a	  neuronal	   biomaterial,	   investigating	   for	   the	   first	   time	   the	   role	   of	   the	   size,	  production	  method	  and	  surface	  functionalisation	  on	  neurite	  extension,	  where	  it	  was	   found	   that	   the	   only	   significant	   variable	   was	   the	   size	   of	   the	   ND	   used,	  suggesting	   the	   curvature	   of	   particle	   is	   of	   high	   importance.	   A	   patterned	   ND	  surface	   was	   also	   fabricated	   and	   this	   resulted	   in	   the	   successful	   growth	   of	  neuronal	  networks	  along	  the	  ND	  patterning,	  down	  to	  ND	  track	  widths	  of	  10	  µm.	  Chapter	  6	  presents	   a	   study	   into	   the	   electrical	   characteristics	  of	  nanodiamond.	  Here	   for	   the	   first	   time,	   ND	   layers	   with	   various	   surface	   terminations	   were	  produced	   and	   verified	   using	   Fourier	   transform	   infrared	   spectroscopy.	   These	  layers	   were	   then	   probed	   using	   impedance	   spectroscopy	   to	   obtain	   modelled	  values	  of	   the	   layers’	   resistance	  and	   capacitance	  as	   a	   function	  of	  measurement	  temperature.	   This	   data	   was	   manipulated	   into	   Arrhenius	   plots	   to	   extract	  activation	  energies	  of	  the	  observed	  conduction	  paths.	  The	  hydrogen	  terminated	  ND	  layers	  were	  shown	  for	  the	  first	  time	  to	  be	  stable	  for	  short	  heating	  durations	  up	   to	   475°C,	   although	   longer	   heating	   duration	   at	   this	   temperature	   did	   cause	  permanent	  damage	  to	  the	  ND	  layer.	  Oxygen	  terminated	  ND	  was	  found	  to	  be	  less	  stable	   when	   heated	   in	   atmospheric	   conditions,	   with	   permanent	   degradation	  occurring	  at	  200°C.	  However	  when	  measured	   in	  vacuum,	   these	   layers	  showed	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resilience	   similar	   to	   that	   seen	  on	   the	  hydrogen	   terminated	  ND,	   suggesting	   the	  hydrogen	   termination	   is	  providing	  protection	  against	  oxidative	  degradation	   in	  atmospheric	  conditions.	  The	  next	  chapter	  documents	  the	  attempts	  to	  fabricate	  thin,	  conformal	  layers	  of	  ND	  within	  the	  channels	  of	  a	  microchannel	  plate	  (MCP)	  –	  the	  electron	  amplification	  stage	  of	  a	  night	  vision	  device.	  This	  work	  resulted	  in	  the	  first	  successful	  seeding	  of	  ND	  throughout	  the	  first	  60	  µm	  of	  the	  MCP	  channel,	  as	  requested	  by	  the	  industrial	  sponsor	  of	  this	  work,	  Photonis.	  This	  chapter	  also	  presents	   the	   iterative	   designs	   of	   a	   custom	   cooler	   and	   sample	   mount	   for	   the	  microwave	  plasma	  enhanced	  chemical	  vapour	  deposition	  chamber	  used	  for	  low	  temperature	   diamond	   growth	   both	   in	   this	   chapter	   and	   the	   final	   experimental	  chapter.	   The	   last	   experimental	   chapter	   details	   a	   novel	   investigation	   into	   the	  optimal	   conditions	   for	  ND	   to	  be	  grown	   into	  a	   thin	   film	   for	  use	  as	  a	   secondary	  electron	   emitter.	   The	   results	   presented	   include	   Raman	   spectroscopy	   (for	   film	  quality	   assessment),	   scanning	   electron	  micrographs	   (to	  provide	   topographical	  information),	   atomic	   force	  microscope	   line	   scans	   (to	   estimate	   film	   thickness)	  and	  finally	  secondary	  electron	  yield	  experiments	  upon	  each	  of	  the	  films.	  It	  was	  found	   that	   the	   films	   grown	   with	   the	   highest	   applied	   microwave	   power	   -­‐	  resulting	   from	   the	   most	   aggressive	   cooling	   -­‐	   gave	   the	   highest	   secondary	  electron	   emission	   yield,	   slightly	   under	   10	   (meeting	   the	   objective	   set	   by	  Photonis)	  along	  with	  a	  sharper	  sp3	  peak	  at	  1333cm-­‐1.	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AFM	   Atomic	  Force	  Microscopy	  AM	   Attachment	  Medium	  ATR	   Attenuated	  Total	  Internal	  Reflection	  CCD	   Charge	  Coupled	  Device	  	  CMOS	   Complementary	  Metal-­‐Oxide-­‐Semiconductor	  CVD	   Chemical	  Vapour	  Deposition	  	  D.I.	   De-­‐Ionised	  water	  DIV#	   #	  Days	  In	  Vitro	  DND	   Detonation	  Nanodiamond	  ECM	   Extra	  Cellular	  Protein	  EDR	   Equivalent	  Disc	  Radius	  f	   Fixed	  (short	  growth	  step)	  FBS	   Fetal	  Bovine	  Serum	  FET	   Field	  Effect	  Transistor	  FTIR	   Fourier	  Transform	  Infrared	  Spectroscopy	  GFP	   Green	  Fluorescence	  Protein	  HeLa	   Henrietta	  Lacks	  (cancer	  cell	  line)	  HFCVD	   Hot	  Filament	  CVD	  HPHT	   High	  Pressure	  High	  Temperature	  IBM	   International	  Business	  Machines	  IS	   Impedance	  Spectroscopy	  ISFET	   Ion-­‐Sensitive	  Field-­‐Effect	  Transistor	  IUPAC	   International	  Union	  of	  Pure	  and	  Applied	  Chemistry	  LEI	   Lower	  Electron	  Image	  Mode	  LN	   Laminin	  MAP2	   Microtubule-­‐associated	  protein	  2	  MCP	   Microchannel	  plate	  MEA	   Micro	  Electrode	  Array	  MEM	   Medium	  Essential	  Medium	  MEMS/NEMS	   Micro/Nano	  Electromechanical	  Systems	  MM	   Maintenance	  Medium	  MPECVD	   Microwave	  Plasma	  Enhanced	  CVD	  N	   Seeding	  Density	  NCD	   Nano	  Crystalline	  Diamond	  ND	   Nanodiamond	  NEA	   Negative	  Electron	  Affinity	  NV	   Nitrogen	  vacancy	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ODA	   Octadecylamine	  PBS	   Phosphate	  Buffered	  Solution	  PDDAC	   Poly-­‐Diallyldimethylammonium	  Chloride	  Polymer	  PEA	   Positive	  Electron	  Affinity	  p-­‐ORN	   Poly-­‐Ornithine	  PVA	   Polyvinyl	  Alcohol	  RDX	   Research	  Department	  Explosive	  RGD	   Arginylglycylaspartic	  acid	  RIE	   Reactive	  Ion	  Etching	  RMS	   Route	  Mean	  Squared	  RT	   Room	  Temperature	  SC	   Spin	  Coating	  SCD	   Single	  Crystal	  Diamond	  	  S.E	   Standard	  Error	  SEE	   Secondary	  Electron	  Emission	  SEI	   Secondary	  Electron	  Imaging	  Mode	  s.e.m	   Standard	  Error	  Of	  The	  Mean	  SEM	   Scanning	  Electron	  Microscope	  SEY	   Secondary	  Electron	  Yield	  siRNA	   Small	  Interfering	  Ribonucleic	  Acid	  TNL	   Total	  Neurite	  Length	  TNT	   Trinitrotoluene	  UNCD	   Ultra	  Nano	  Crystalline	  Diamond	  US	   Ultrasonication	  UV	   Ultraviolet	  	   	  	  
12	  	  
	  
	  
	  
Chapter	  1:	  Introduction	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It	   is	   unusual	   for	   a	   completely	   new	   class	   of	   material	   to	   become	   available	  within	   a	   well	   established	   material	   system.	   However,	   the	   introduction	   of	  nanodiamonds	   (ND)	   as	   a	   novel	   form	   of	   diamond	   has	   spurred	   considerable	  interest	   into	   areas	   of	   possible	   use.	  ND	  has	   a	   particularly	   unique	   advantage	   in	  that	   it	   combines	   the	   extreme	   and	   versatile	   properties	   of	   bulk	   diamond	   with	  nanoscale	   dimensions,	   allowing	   for	   a	   diverse	   range	   of	   potential	   roles	   as	   a	  material	   for	   biological, 1 , 2 	  chemical, 3 , 4 	  mechanical 5 , 6 	  	   and	   electronic	  engineering.7,8	  Whilst	  several	  applications	  for	  ND	  have	  already	  been	  utilised,9,10	  a	  critical	  problem	  for	  the	  exploitation	  of	  the	  ND	  is	  the	  lack	  of	  understanding	  of	  the	  electrical	  properties,	  of	  both	  as	  received	  and	  surface	  functionalised	  particles,	  to	  date	   there	  are	  very	   few	  publications	   in	   this	  area.	  Additionally,	  although	   the	  problem	   is	   not	   as	   severe,	   the	   successful	   use	   of	   ND	   in	   varied	   engineering	  scenarios	   has	   not	   materialised.	   Therefore	   there	   are	   many	   areas	   currently	  unexplored.	   As	   a	   result	   this	   thesis	   presents	   efforts	   to	   more	   completely	  understand	  and	  exploit	  this	  material	  and	  to	  this	  end,	  headway	  has	  been	  made	  in	  both	  of	  these	  respects	  (see	  below).	  	  
	  
Chapter	  2	  gives	  an	  introduction	  to	  diamond,	   its	  properties	  and	  methods	  of	  production.	   Doping	   of	   diamond	   is	   also	   discussed,	   along	   with	   the	   difficulties	  encountered	   in	   making	   a	   very	   wide	   bandgap	   semiconductor	   sufficiently	  conductive.	   The	   implications	   for	   electronic	   devices	   taken	   into	   account.	   This	   is	  then	   followed	   by	   a	   review	   of	   surface	   conductivity	   and	   highlighted	   research	  results.	   The	   breadth	   of	   applications	   for	   bulk	   diamond	   is	   then	   evaluated	   and	  specific	  examples	  given.	  A	  similar	  treatment	  of	  ND	  follows,	  where	  the	  formation,	  purification	   and	   functionalisation	   is	   described.	  ND	   surface	   functionalisation	   is	  then	   introduced,	   along	   with	   an	   overview	   of	   the	   range	   of	   ND	   applications	  reported	  to	  date.	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Chapter	  3	  begins	  with	   an	   introduction	   into	  neurons,	   briefly	   covering	   their	  anatomy	   and	   function.	   In	   addition,	   an	   explanation	   of	   the	   use	   of	   murine	  embryonic	   hippocampal	   cells	   in	   Chapter	   5	   is	   given.	   Finally,	   a	   description	   of	  neuronal	  biomaterials	  and	  their	  use	  in	  diamond	  is	  given.	  For	  the	  second	  half	  of	  Chapter	   3,	   a	   review	   of	   image	   intensifiers	   is	   given.	   Here,	   the	   concept	   of	  photomultiplication	   is	   introduced	   along	   with	   insight	   into	   the	   operating	  principles	   of	   the	   photomultiplier	   tube.	   The	   photomultiplier	   tube	   is	   then	  compared	   against	   other	   sensor	   technologies.	   Electron	   amplification	   is	   then	  discussed	   in	  relation	   to	   the	  microchannel	  plate.	  Finally,	   image	   intensifiers	  and	  their	  applications	  are	  reviewed.	  
	  
Chapter	  4	  covers	  the	  experimental	  methods	  used	  throughout	  the	  course	  of	  the	  thesis,	  with	  more	  detail	  being	  given	  on	  topics	  used	  more	  extensively	  within	  it.	  Particular	  emphasis	  was	  placed	  on	  introducing	  the	  seeding	  of	  nanodiamond	  (ND)	   onto	   substrates	   and	   the	   subsequent	   growth	   of	   diamond	   films,	   as	   these	  techniques	  form	  the	  core	  processes	  investigated	  herein.	  
	  
The	   first	   chapter	   detailing	   the	   experimental	   results,	   Chapter	   5:	   The	  formation	   of	   neuronal	   cell	   networks	   with	   nanodiamond,	   is	   presented.	  Functional	   neuronal	   cell	   networks	   are	   a	   particularly	   difficult	   challenge	   for	  bioengineers	   to	   seed	   and	   maintain,11	  due	   in	   large	   part	   to	   the	   high	   degree	   of	  specialisation	   exhibited	   in	   all	   neuronal	   cell	   types	   and	   the	   separate	   immune	  system	   seen	   behind	   the	   blood	   brain	   barrier. 12 	  This	   difficulty	   is	   further	  complicated	  by	  the	  current	  lack	  of	  bio	  materials	  that	  provide	  conditions	  similar	  to	  that	  seen	  in	  the	  body,	  resulting	  in	  cell	  behaviour	  different	  to	  the	  norm,	  and	  in	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severe	  cases	  cell	  death.	  This	   is	  undesirable	  for	  the	  study	  of	  such	  cell	  networks	  as	   observations	   of	   these	   networks	   effectively	   under	   tremendous	   strain	  would	  fail	  to	  translate	  well	  to	  environments	  within	  the	  normal	  range	  of	  physiological	  conditions.	  	  The	  issue	  is	  compounded	  when	  such	  networks	  are	  being	  interacted	  with	   in	  vivo,	   as	   the	  use	   of	   artificial	   (or	   exogenous)	  materials	   to	   aid	   in	   aspects	  such	  as	  conduction,	  adhesion,	  or	  nutrition	  will	  alter	  the	  culture’s	  response	  away	  from	   the	   response	   that	   would	   have	   occurred	   without	   the	   intervention	   of	   the	  investigator.	   Additionally,	   the	   ability	   to	   pattern	   neuronal	   networks	   that	   are	  behaving	   in	  a	  normal	  manner,	  would	  allow	   for	  a	   closer	  merging	  of	   traditional	  electronic	   technologies	   with	   the	   neuronal	   cells,	   potentially	   opening	   several	  avenues	  of	  novel	  study	  platforms,	  brain	  machine	  interfaces	  or	  neuroprosthetics.	  Current	  technologies	  take	  either	  a	  pin	  point	  approach	  where	  a	  small	  number	  of	  individual	  neurons	  are	  interacted	  with	  (e.g.	  patch	  clamp),	  or	  a	  much	  more	  wide	  ranging	  level	  interaction	  typically	  facilitated	  by	  several	  micro	  electrodes	  spread	  throughout	   a	   grouping	   of	   cells.	   Recent	   previous	  work	   has	   found	  ND	   layers	   to	  form	   a	   good	   interfacial	   layer	   between	   glass	   slides	   and	   neurons,	   allowing	   for	  high	   cell	   survival	   rates	   and	   physiologically	   normal	   behavour.1	   However	   little	  information	  is	  known	  about	  the	  ND’s	  parameters	  that	  provide	  ideal	  cell	  culture	  conditions.	  Here,	  differing	  ND	  seed	  deposition	  methods	  are	  assessed	  in	  terms	  of	  surface	   roughness,	   seeding	   density,	   and	   the	   seeded	   particle	   radius.	   The	  deposited	  ND	   layers	  were	   then	  evaluated	  using	  Raman	  and	  Fourier	   transform	  infrared	  spectroscopy	  before	  and	  after	  a	  short	  growth	  step.	  The	  ability	  for	  these	  layers	   to	   support	  murine	  hippocampal	  neuron	  cultures	  was	   then	   investigated,	  and	  the	  relationships	  between	  surface	  morphology	  and	  total	  neurite	  extension	  (a	  proxy	  metric	   for	   the	  health	  of	   the	  cell	  culture)	  presented.	   It	  was	   found	  that	  the	   only	   statistically	   significant	  metric	  was	   the	   size	   of	   the	   ND	   particle,	   which	  allows	   for	   the	  narrowing	  of	   the	   further	   study	   into	  ND-­‐neuron	   interaction	   and	  frees	   up	   bioengineers	   to	   modify	   the	   other	   variables	   (ND	   origin,	   surface	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terminations,	   seeding	   method,	   and	   substrate	   roughness)	   without	   fear	   of	  reduced	   culture	   health.	   Patterned	   ND	   layers	   were	   then	   fabricated	   with	  graduated	  line	  widths	  and	  their	  ability	  to	  produce	  patterned	  neuronal	  networks	  was	   assessed	   and	   it	   was	   found	   for	   the	   first	   time	   the	   neurite	   outgrowth	   was	  present	  up	  until	  the	  10µm	  line	  width.	  This	  discovery	  will	  allow	  for	  the	  removal	  of	   additional	   extracellular	   proteins	   in	   the	   study	   and	   treatment	   of	   neuronal	  tissues.	  Please	  note	  –	  Cell	  seeding	  and	  confocal	  microscopy	  within	  this	  chapter	  was	   performed	   by	   Dr.	   Agnes	   Thalhammer	   of	   the	   Pharmacology	   department,	  UCL.	  
	  
Chapter	   6	   makes	   headway	   into	   the	   staggering	   lack	   of	   electrical	  characterisation	  of	  NDs.	  Due	   to	  ND	  being	   a	   relative	  newcomer	   to	   the	   fields	  of	  diamond	   and	   nanoparticles	   in	   general,	   this	   basic	   science	   has	   not	   yet	   been	  performed	   on	   monodispersed	   ND	   layers.	   Understanding	   of	   the	   electrical	  response	  of	  ND	  is	  vital	  to	  providing	  information	  into	  the	  conduction	  processes	  exhibited	   by	   ND	   at	   various	   temperatures	   as	   well	   as	   the	   furthering	   of	   the	  electronic	  uses	  of	   the	  nanomaterial	   in	   the	  wide	  range	  of	  potential	  and	  current	  uses	  outlined	  above	  (and	  more	  thoroughly	  discussed	  in	  Chapter	  2).	  Building	  on	  earlier	  work	  on	  the	  electrical	  characteristics	  of	  agglomerated	  ND	  layers.13	  This	  chapter	   describes	   the	   first	   investigation	   into	   controlling	   the	   electrical	  characteristics	  of	  nanodiamond	  layers	  through	  surface	  functionalisation.	  Firstly,	  treatment	  procedures	  were	  developed	   to	  allow	   for	   the	  modification	  of	  surface	  functional	  groups	  on	  the	  ND	  and	  Fourier	  transform	  infrared	  spectroscopy	  was	  utilised	   to	   verify	   the	   efficacy	   of	   the	   treatments.	   Initially	   untreated	   ND	   was	  probed	   using	   impedance	   spectroscopy	   at	   a	   range	   of	   temperatures	   in	   order	   to	  assess	   both	   the	   frequency	   and	   temperature	   dependent	   behaviour	   of	   the	  nanoparticles.	   This	   data	  was	   then	  manipulated	   to	   obtain	  Arrhenius	   plots,	   and	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hence	  the	  activation	  energy	  of	  charge	  carriers.	  This	  process	  was	  then	  repeated	  for	   oxygen	   and	   hydrogen	   terminated	   NDs	   to	   investigate	   the	   effect	   of	   surface	  termination	  on	  the	  impedance	  data.	  Measurements	  were	  taken	  both	  in	  vacuum	  and	  atmospheric	  conditions	   in	  order	   to	  probe	  the	  effect	  of	  ambient	  oxygen	  on	  the	  system	  and	  for	  the	  role	  of	  hydrogen	  in	  facilitating	  surface	  conductivity.	  The	  key	   result	   from	   this	   chapter	   is	   the	   surprising	   resilience	   of	   the	   diamond	   like	  electrical	  qualities	  of	  the	  ND	  layers,	  up	  to	  475°C.	  This	  sets	  the	  upper	  limit	  of	  the	  operation	  of	  electrical	  devices	  based	  on	  ND	  without	  permanent	  changes	  to	  the	  device	   characteristics.	  Another	  problem	  addressed	  by	   this	   investigation	   is	   the	  nature	  of	  the	  conduction	  paths	  through	  the	  ND	  layers,	  which	  seem	  to	  be	  passing	  through	   the	   semi-­‐disordered	   lattice	   structures	   rather	   than	   the	   more	   highly	  crystalline	  centre	  of	  the	  ND.	  
	  
The	   next	   two	   chapters	   are	   focused	   on	   the	   collaboration	   with	   Photonis	   to	  integrate	   nanodiamond	   layers	   with	   a	   microchannel	   plate	   (MCP)	   within	  Photonis’	  current	  night	  vision	  devices	  for	  the	  very	  first	  time.	  Whilst	  the	  MCP	  has	  a	  total	  device	  gain	  numbering	  several	   tens	  of	   thousands,	  each	   interaction	  with	  the	  MCP	   sidewall	   only	   generates	   an	   average	   of	   two	   secondary	   electrons.	   This	  average	  has	  a	  distribution	  that	  includes	  zero	  and	  hence	  results	  in	  the	  loss	  of	  the	  primary	  electron	  generated	  at	  the	  photocathode	  preceding	  the	  MCP	  (see	  section	  3.3.3),	  contributing	  to	  the	  device’s	  overall	  signal	  to	  noise	  ratio	  (a	  key	  metric	  in	  the	  marketing	  of	  such	  devices).	  Here,	  goal	  of	  the	  sub	  project	  was	  the	  inclusion	  of	  a	   diamond	   layer	   in	   the	   first	   60µm	  of	   the	  MCP	   to	   raise	   the	   secondary	   electron	  yield	  (SEY)	  from	  2	  to	  a	  target	  SEY	  of	  10,	  thus	  drastically	  reducing	  the	  incidence	  of	   lost	   primary	   electrons.	   An	   additional	   benefit	   of	   the	   inclusion	   of	   a	   diamond	  layer	   would	   also	   be	   improved	   protection	   against	   the	   generation	   of	   ions	  backscattered	   towards	   the	   photocathode,	   causing	   its	   gradual	   degradation	   and	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setting	   the	   working	   lifespan	   of	   the	   final	   product.	   	   Chapter	   7	   starts	   by	  documenting	   the	   evolution	   of	   the	   substrate	   cooler	   design,	   in	   an	   attempt	   to	  increase	   the	   microwave	   power	   applied	   to	   the	   growth	   of	   the	   nanodiamond	  layers.	   Note	   the	   cooler	   design	   process	   was	   performed	   in	   collaboration	   with	  Photonis).	   The	   seeding	   conditions	   of	   the	  MCP	  was	   then	   varied	   to	   successfully	  obtain	  a	  conformal	   layer	  of	  ND	  penetrating	  60	  µm	   into	   the	  channel.	  The	  grain	  size,	   grain	   density	   and	   area	   coverage	  were	   analysed	   as	   a	   function	   of	   distance	  from	   the	   channel	   opening,	   and	   all	   three	   parameters	   showed	   a	   negative	  correlation.	  The	  goals	  of	  this	  sub	  project	  were	  met	  satisfactorily,	  which	  is	  now	  ready	   for	   passing	   down	   to	   the	   R&D	   division	   within	   Photonis,	   provided	   the	  project	  outlined	  in	  Chapter	  8	  also	  meets	  its	  goals.	  
	  
Chapter	   8,	   the	   final	   results	   chapter	   documents	   the	   first	   investigation	   into	  the	   effect	   of	   growth	   temperature	   on	   the	   secondary	   electron	   yield	   (SEY)	   of	  nanocrystalline	  diamond	  films.	  The	  tight	  thermal	  budget	  presented	  by	  the	  MCP	  (420˚C)	  provided	  the	   impetus	   to	  perform	  this	  study.	  Little	   is	  known	  about	   the	  effect	   of	   low	   growth	   temperature	   (which	   in	   turn	   affects	   many	   other	   growth	  characteristics)	  on	  the	  SEY	  of	  diamond	  films.	  Low	  temperature	  growth	  is	  critical	  for	   incorporating	   diamond	   growth	   into	   a	   wider	   range	   of	   existing	   industrial	  fabrication	   processes,	   whilst	   retaining	   the	   high	   SEY	   seen	   at	   normal	   growth	  temperatures	   (Photonis	   specified	   an	   ideal	   target	   value	   of	   10).	   Samples	   were	  first	   seeded	   with	   ND	   and	   then	   grown	   at	   a	   range	   of	   temperatures	   on	   silicon	  substrates.	  The	  resultant	  films	  were	  compared	  in	  terms	  of	  surface	  morphology,	  film	   thickness,	   Raman	   spectrum,	   and	   secondary	   electron	   yield.	   The	   final	  iteration	   of	   the	   cooler	   (described	   in	   Chapter	   7)	   was	   then	   deployed	   to	   grow	  nanocrystalline	   diamond	   films,	   and	   a	   comparison	   with	   the	   previous	   sample	  series	  is	  given	  and	  it	  is	  shown	  to	  greatly	  surpass	  the	  SEY	  of	  the	  films	  grown	  at	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lower	  applied	  microwave	  power.	  The	  engineering	  challenge	  of	  producing	  high	  SEY	  diamond	  surfaces	  at	  low	  temperature	  was	  successfully	  demonstrated,	  with	  a	  peak	  SEY	  of	  9.2,	  slightly	  short	  of	  the	  goal	  of	  10	  set	  by	  Photonis.	  	  
	  
Chapter	   9	   gives	   a	   summary	   of	   the	   results	   that	   have	   been	   presented	  throughout	  this	  thesis.	  In	  addition,	  future	  avenues	  of	  research	  are	  discussed	  in	  order	  to	  fully	  utilise	  the	  insight	  borne	  by	  this	  research.	  	  
	  
The	  novel	  contributions	  of	  the	  work	  presented	  in	  this	  thesis	  are:	  
1. A	  rigorous	  investigation	  into	  the	  effect	  of	  the	  ND’s	  size,	  surface	  state	  and	  origin	  on	  neurite	  extension,	  indicating	  ND	  size	  to	  be	  the	  only	  significant	  parameter	  in	  neuronal	  outgrowth.	  
2. ND	   particle	   patterning	   was	   shown	   to	   be	   suitable	   for	   the	   selective	  adhesion	   and	   directed	   neurite	   outgrowth,	   down	   to	   ND	   line	   widths	   of	  10	  µm.	  
3. A	  dry,	  reliable,	  and	  scalable	  oxygen	  functionalisation	  route	  using	  ozone	  was	  developed.	  
4. The	   limits	   of	   thermally	   induced	   electrical	   breakdown	  were	   shown	   on	  hydrogen	  and	  oxygen	  treated	  ND	  layers	  for	  the	  first	  time.	  
5. ND	  layers	  were	  successfully	  seeded	  within	  the	  channels	  of	  an	  MCP	  to	  a	  controlled	   depth	   and	   subsequently	   developed	   into	   conformal	  nanocrystalline	  diamond	  at	   temperatures	  within	   safe	   tolerance	   for	   the	  MCP.	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6. A	   unique	   cooler	   design	   was	   developed	   and	   fabricated	   to	   enable	   the	  homogenous	  low	  temperature	  diamond	  growth	  required	  on	  the	  MCP.	  
7. The	  first	  investigation	  into	  the	  effect	  of	  growth	  temperature	  on	  SEY	  was	  conducted,	   revealing	   a	   complex	   relationship	   between	   non-­‐diamond	  inclusions	   and	   SEY	   at	   lower	   yields.	   However	   high	   quality	   diamond,	  grown	  with	   the	  most	   advanced	   iteration	   of	   the	   cooler	   design,	   showed	  high	  yields	  very	  close	  to	  the	  required	  R&D	  threshold	  set	  by	  Photonis.	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Chapter	  2:	  Diamond	  and	  
Nanodiamond	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2.1 Introduction	  	  
The	   use	   of	   diamond	   to	   perform	   a	   wide	   array	   of	   electrical,	   chemical	   and	  physical	   functions	   has	   been	   well	   established. 1 	  Diamond’s	   electrical	  characteristics	   can	   be	   modified	   though	   the	   incorporation	   of	   non-­‐carbon	  elements	  or	  non-­‐diamond	  carbon,	  either	  as	  a	  surface	  termination	  or	  within	  the	  crystal	   lattice	   itself.	   For	   the	   scope	   of	   this	   thesis,	   the	   use	   of	   diamond’s	   surface	  properties	  will	  be	  reviewed.	  This	  will	   then	  be	  extended	  to	  nanodiamond,	  with	  focus	  on	  the	  production,	  purification	  and	  functionalisation	  of	  single	  digit	  (ultra-­‐dispersed)	  nanodiamond.	  
	  
2.2 Diamond	  	  
2.2.1 Carbon	  bonding	  	  
It	   is	   difficult	   to	   overstate	   the	   importance	   of	   carbon	   as	   the	   fundamental	  building	  block	  of	  life	  as	  we	  know	  it.	  It	  forms	  the	  basis	  of	  biochemistry	  due	  to	  its	  ability	   to	   bond	   with	   a	   wide	   array	   of	   atoms,	   enabling	   the	   complex	   range	   of	  carbon	   based	   chemicals	   seen	   in	   the	   biosphere.	   This	   naturally	   extends	   to	   the	  currently	  most	  popular	  sources	  of	  energy	  on	  the	  planet;	  coal,	  oil	  and	  natural	  gas	  –	  the	  fossil	   fuels.	  These	  two	  examples	  can	  be	  extrapolated	  to	  form	  the	  basis	  of	  the	  majority	  of	  human	  technology,	  from	  cotton	  to	  consumer	  electronics.	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Pure	   carbon	   itself	   provides	   an	   important	   class	   of	   materials.	   Within	   this	  there	  are	  many	  allotropes	  due	  to	  the	  high	  number	  of	  valence	  bonds	  carbon	  can	  form.	  Figure	  2.1	  gives	  a	  non-­‐exhaustive	   list	  of	  the	  most	   important	  examples.	  A	  large	   amount	   of	   research	   has	   been	   conducted	   on	   the	   allotropes	   of	   carbon,	  however,	  of	  these	  diamond	  (Figure	  2.1a)	  and	  graphite	  (Figure	  2.1b)	  remain	  the	  most	  successfully	  commercially	  exploited.2	  	  
	  
Figure	   2.1	   Some	   of	   the	   possible	   allotropes	   of	   carbon:	   (a)	  Diamond,	   (b)	   Graphite,	   (c)	  
Londsdaleite,	   (d)	   C60	   or	   buckminsterfullerene	   (e)	   C540	   fullerene	   (f)	   C70	   fullerene	   (g)	  
Amorphous	  carbon	  (h)	  single	  walled	  carbon	  nanotube.	  Taken	  from	  [3]	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Carbon	   (atomic	   number	   6)	   has	   an	   electron	   ground	   state	   configuration	   as	  follows:	  
	  
	  	  The	   first	   two	   electrons,	   found	   in	   the	   first	   (K)	   shell	   do	   not	   contribute	   to	  bonding	   due	   to	   their	   high	   stability.	   Instead,	   bonding	   in	   carbon	   is	   achieved	  through	   the	   four	   electrons	   in	   the	   outer	   (L)	   shell	   through	   molecular	   orbital	  hybridisation.	  Here,	  the	  excitation	  of	  the	  2s	  orbital	  results	  in	  hybridisation	  with	  the	  2p	  orbitals	  through	  mixing	  of	  their	  respective	  wave	  functions	  to	  form	  a	  spn	  hybrid	   orbital	   (where	   n	   =	   1,	   2,	   or	   3).4	  sp	   hybridisation	   is	   found	   in	   chemical	  compounds	  such	  as	  the	  alkynes,	  giving:	  	  
	  
However,	   the	   sp	   hybrid	   is	   not	   of	   great	   importance	   in	   the	   context	   of	   this	  thesis.	  The	  next	  hybrid	  is	  the	  sp2	  configuration,	  as	  seen	  in	  planar	  materials	  such	  as	  graphite,	  graphene	  and	  carbon	  nanotubes:	  	  
	  
This	   results	   in	   a	   trigonal	   arrangement	   of	   sp2	   orbitals	   with	   an	   additional	  unchanged	  2p	  orbital	  orthogonal	   to	   the	  sp2	  plane	   this	   lone	  2p	  electron	  causes	  the	  weak	  van	  der	  Waals	  attraction	  between	  planes	  in	  graphite,	  forming	  a	  π	  bond.	  When	  isolated,	  as	  in	  the	  case	  for	  graphene,	  the	  accumulation	  of	  orbitals	  overlap	  to	  form	  a	  highly	  mobile	  conduction	  band.5	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Finally,	  the	  sp3	  hybrid	  is	  considered,	  as	  seen	  in	  diamond:	  	  
	  
This	   results	   in	   a	   tetrahedral	   arrangement	   with	   bond	   angle	   of	   109.5°	   to	  minimise	  repulsion	  between	  orbitals	  (Figure	  2.2).	  This	  tetrahedral	  arrangement	  is	  the	  root	  cause	  for	  a	  large	  number	  of	  diamond’s	  extreme	  properties.6	  
	  
The	  tetrahedral	  organisation	  of	  the	  sp3	  bonds	  manifest	  in	  diamond	  as	  strong	  (711	  kJ/mol)7	  covalent	  C-­‐C	  bonds,	  with	  each	  carbon	  (except	  at	  surfaces)	  bonded	  to	  four	  neighbours.	  Each	  covalent	  bond	  is	  relatively	  short,	  at	  1.53	  Å,4	  and	  these	  form	   a	   lattice	   with	   the	   highest	   atomic	   density	   seen	   in	   solids	   (1.76	   ×	   1023	  atoms/cm3),8	  resulting	  in	  the	  extreme	  hardness,	  stiffness,	  and	  incompressibility	  seen	  in	  bulk	  diamond.	  The	  diamond	  lattice	  is	  of	  the	  face	  centred	  cubic	  type,	  with	  
Figure	  2.2	  Schematic	  of	  sp3	  orbital	  hybridisation.	  Adapted	  from	  [6].	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eight	   atoms	   per	   unit	   cell.	   Typically	   three	   Miller	   indices	   are	   used	   to	   describe	  diamond	  surfaces:	  (100),	  (110),	  and	  (111).	  
	  
2.2.2 Diamond	  growth	  	  
Terrestrial	   diamond	   formed	   naturally	   in	   the	   earth’s	   crust	   between	   990	  million	  and	  4.2	  billion	  years	  ago,	  between	  140	  and	  200	  km	  below	  the	  surface.9	  Temperatures	   of	   900	   –	   1400°C	   and	   pressures	   between	   4.5	   and	   6	   GPa	   are	  required	  for	  diamond	  to	  form	  in	  this	  way.10	  In	  order	  to	  determine	  the	  quality	  of	  a	   natural	   diamond,	   visual	   characteristics	   are	   often	  used.	   These	   characteristics	  are	  determined	  by	  the	  incorporation	  of	  boron-­‐,	  nitrogen-­‐,	  and	  hydrogen-­‐related	  defects	  (taken	  from	  [4]):	  
	  
Type	  Ia:	  Nitrogen	  is	  the	  dominant	  impurity	  and	  is	  present	  as	  aggregates	  or	  
clustered	  together	  within	  the	  carbon	  lattice.	  It	  has	  a	  pale	  yellow	  or	  brown	  
appearance.	  98%	  of	  diamonds	  fall	  into	  this	  category.	  
Type	  Ib:	  Nitrogen	  is	  present	  as	  single	  substitutional	  atoms	  and	  is	  uniformly	  
distributed	  throughout	  the	  carbon	  lattice.	  These	  diamonds	  can	  appear	  
deep	  yellow,	  orange,	  brown	  or	  greenish	  depending	  on	  the	  concentration	  
and	  distribution	  of	  nitrogen	  atoms.	  They	  account	  for	  0.1	  %	  of	  diamond.	  
Type	  IIa:	  These	  diamonds	  have	  a	  miniscule	  amount	  of	  impurities	  present.	  
They	  are	  colourless	  unless	  lattice	  defect	  are	  present,	  which	  would	  render	  
them	  yellow,	  brown,	  pink	  or	  red.	  1-­‐2	  %	  of	  diamonds	  are	  this	  type.	  
Type	  IIb:	  This	  type	  of	  diamond	  contains	  boron	  as	  an	  impurity	  and	  appear,	  
blue,	  grey	  or	  near-­‐colourless	  and	  make	  up	  approximately	  0.1	  %	  of	  
diamonds.	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Diamond	   can	   also	   be	   synthesised	   artificially,	   to	   overcome	   many	   of	   the	  limitations	  of	  naturally	  sourced	  diamond	  samples	  (high	  cost,	  variable	  impurity	  content,	   and	   inhomogeneity	   within	   the	   sample).	   Artificial	   diamond	   is	   usually	  defined	  by	  the	  size	  (or	  absence)	  of	  crystals	  within	  the	  bulk.	  When	  there	  are	  no	  separate	   domains,	   the	   diamond	   created	   is	   said	   to	   be	   a	   single	   crystal.	   Single	  crystal	  diamond	  (SCD)	  is	  transparent	  and	  generally	  exhibits	  the	  greatest	  degree	  of	   desired	   properties	   such	   as	   Young’s	   modulus,	   hardness,	   charge	   carrier	  mobility	   etc.	   These	   excellent	   properties	   are	   offset	   by	   the	   difficulty	   in	   the	  production	  of	  SCD,	  as	  a	  homoepitaxial	  substrate	  is	  required	  (usually	  other	  SCDs	  or	  single	  crystal	  iridium)11	  to	  continue	  the	  diamond	  lattice	  without	  the	  inclusion	  of	   grain	  boundaries.	  When	   smaller	   grains	   of	   SCD	   coalesce	   to	   form	  a	   complete	  film,	   the	   resultant	   material	   is	   referred	   to	   as	   polycrystalline	   diamond.	   Within	  polycrystalline	  diamond	  there	  is	  further	  classification,	  defined	  by	  the	  size	  of	  the	  constituent	   grains.	  Microcrystalline	   diamond	   grains	   are	   in	   the	   range	   of	   0.1	   to	  several	   micrometres,	   nanocrystalline	   diamond	   (NCD)	   roughly	   5-­‐100	   nm,	   and	  ultrananocrystalline	   diamond	   (UNCD)	   ≤	  5	  nm.12	  As	   a	   general	   trend,	   smaller	  crystal	   size	   corresponds	   to	   properties	   further	   from	   those	   set	   by	   SCD,	   due	   to	  greater	  incorporation	  of	  sp2	  bonded	  carbon.	  
	  
Another	  method	  of	  categorising	  artificial	  diamond	  is	  through	  the	  method	  by	  which	   it	   was	   grown.	   The	   first	   reported	   route	   to	   diamond	   synthesis	   was	  published	   in	   1955	   by	   Tracy	   Hall	   et	   al.	   at	   General	   Electric.	   General	   Electric	  developed	  a	  process	  using	  conditions	  close	  to	  those	  required	  for	  the	  growth	  of	  natural	  diamond,	  with	  pressure	  exceeding	  130	  kbar	  and	  temperatures	  ca.	  3300	  K	   (subsequent	   addition	   of	   transition	  metal	   catalysts	   brought	   this	   down	   to	   55	  kbar	   and	   1600	   K).13	  This	   technique	   became	   known	   as	   high	   pressure	   high	  temperature	   (HPHT),	   and	   accounts	   for	   the	   majority	   of	   annual	   production	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(approximately	   75	   tons	   worldwide).13	   HPHT	   diamond,	   whilst	   incorporating	  fewer	   lattice	  dislocations	  or	  stacking	   faults	   than	  natural	  diamond,	  still	   contain	  high	   concentrations	   of	   impurities	   –	   particularly	   nitrogen.14	  Therefore	   HPHT	  diamond	   has	   not	   seen	   much	   use	   in	   direct	   electronic	   or	   optical	   applications.	  Instead,	  outside	  of	  its	  use	  in	  cutting	  and	  grinding	  tools,	  HPHT	  is	  often	  used	  as	  a	  homoepitaxial	   substrate	   for	  subsequent	  SCD	  growth.	  For	  more	   technologically	  demanding	  applications	  chemical	  vapour	  deposition	  (CVD)	  is	  usually	  employed.	  	  CVD	  of	  diamond	  can	  be	  achieved	  through	  a	  large	  range	  of	  techniques,	  each	  with	  their	  own	  strengths	  and	  weaknesses	  (	  
Table	  2.1).	  The	  first	  reported	  use	  of	  CVD	  for	  the	  growth	  of	  diamond	  was	  in	  1962	  by	  William	  Eversole	  at	  Union	  Carbide	  Corporation15	  -­‐	  although	  there	  are	  unpublished	  reports	  indicating	  this	  work	  was	  started	  before	  Hall’s	  1955	  HPHT	  work16.	  It	  should	  be	  noted	  for	  balance	  that	  separate	  efforts	  in	  the	  Soviet	  Union	  towards	  both	  HPHT	  and	  CVD	  diamond	  yielded	   successful	   results	   shortly	   after	  each	   of	   the	   cited	   examples.16	   However,	   CVD	   did	   not	   achieve	   widespread	   use	  until	  both	  the	   introduction	  of	  atomic	  hydrogen	  to	  etch	  the	  graphitic	  deposits17	  and	   the	   NIRIM-­‐type	   reactor	   (National	   institute	   for	   research	   in	   inorganic	  materials,	   Tsukuba,	   Japan).18	  These	   developments	   enabled	   the	   growth	   of	   high	  quality	   films	   in	   quantities	   great	   enough	   to	   garner	   significant	   commercial	  interest.	   Several	   detailed	   reviews	   of	   the	   history	   of	   diamond	   have	   been	  published	  elsewhere.19,20	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Table	  2.1	  Comparison	  of	  diamond	  CVD	  techniques.	  Taken	  from	  [21].	  
	  
	  
Table	  2.1	  illustrates	  the	  diverse	  range	  of	  techniques	  for	  the	  CVD	  of	  diamond,	  all	  the	  methods	  listed	  rely	  on	  the	  activation	  of	  chemical	  species	  into	  precursor	  molecules,	  either	  by	  thermal	  (e.g.	  hot	  filament),	  electric	  discharge	  (e.g.	  DC,	  radio	  frequency,	  or	  microwave)	  or	  combustion	  flame	  (e.g.	  oxyacetylene	  torch).1	  These	  ions	   are	   then	   able	   to	   either	   form	   a	   carbide	   layer	  with	   the	   substrate	   or,	  more	  frequently,	  add	  to	  diamond	  seeds	  already	  on	  the	  surface22	  -­‐	  see	  section	  4.4.1	  for	  a	  more	  detailed	  explanation	  of	  CVD	  reactors	  and	  their	  operation.	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In	   order	   to	   achieve	   efficient	   growth	   of	   complete	   diamond	   films	   on	   non-­‐diamond	   substrates,	   a	   nucleation	   step	   is	   required	   to	   achieve	   an	   increase	   in	  nucleation	  density	   beyond	   that	   of	   untreated	   silicon	   (104-­‐105	   cm-­‐2).23	  This	   step	  can	   include	   the	   inclusion	  of	   carbide	   forming	   interlayers,	   such	  as	  diamond-­‐like	  carbon24	  or	  hydrocarbon	  oils;25	  bias	  enhanced	  nucleation,	  where	  a	  negative	  DC	  bias	  around	  100-­‐250	  V	  is	  applied	  to	  the	  substrate	  to	  sub-­‐plant	  	   ions	   into	  the	   surface;26	  substrate	   abrasion,	   usually	   with	   micro-­‐	   or	   nano-­‐sized	   diamond	  particles,	   to	   embed	  particles	   into	   the	   substrate	  and	   to	  provide	   surface	  defects	  wherein	   diamond	   crystals	   can	   form; 27 	  ultrasonic	   micro-­‐particle	   treatment,	  where	  stimulation	  by	  ultrasonic	  cavitations	  abrade	  and	  embed	  particles	  into	  the	  substrate;28	  or	   the	   deposition	   of	   a	   monolayer	   of	   nanodiamond	   particles	   from	  colloid	   solutions	   through	   electrostatic	   attraction	   –	   this	   technique	   will	   be	  discussed	  further	  in	  section	  2.3.	  
	  
2.2.3 Doping	  diamond	  	  
Intrinsic	   diamond	   is	   highly	   insulating,	  29	  in	   fact	   it	   would	   take	   a	   greater	  volume	   than	   the	   entire	   planet	   to	   host	   one	   mobile	   charge	   carrier	   at	   room	  temperature.30	  However,	  diamond	  can	  also	  incorporate	  dopants	  to	  achieve	  both	  
p-­‐	  and	  n-­‐type	  conductivity,	   29	  as	   is	  often	  required	   in	  electronic	  applications.	   In	  this	   case,	   the	   difficulty	   of	   finding	   a	   shallow	   dopant	   in	   diamond	   that	   causes	  minimal	  distortion	  of	   the	   tight	   lattice	  has	   resulted	   in	   slow	  progress	   regarding	  the	  use	  of	  bipolar	  devices.31	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p-­‐type	   doping	   with	   boron	   has	   been	   shown	   to	   give	   the	   lowest	   activation	  energy	  of	  any	  substitutional	  dopant	   in	  diamond	  where	  Ea	  ≈	  0.38	  eV,	  with	   little	  degradation	   of	   the	   intrinsic	   characteristics32,	   although	   this	   is	   not	   without	  complications	   (i.e.	   deep	   hole	   traps).33	  However,	   room	   temperature	   activation	  results	   in	   ionisation	  of	   only	  0.2%	  of	   acceptors.	  Nevertheless,	   transistor	   action	  has	  been	  demonstrated.34	  The	  most	  useful	  aspect	  of	  boron	  incorporation	  is	  the	  appearance	   of	   a	   Mott	   transition	   (the	   transition	   from	   non-­‐metal	   to	   metal)	   at	  around	   [B]	   =	   2×1020	   cm-­‐3.	   This	   has	   led	   to	   much	   interest	   in	   delta	   doping	   of	  diamond	  with	  boron,	  which	  will	  be	  discussed	  further	  in	  section	  2.2.5.	  Boron	  can	  be	   incorporated	   into	   the	   diamond	   lattice	   during	   HPHT	   growth,	   by	   means	   of	  boron-­‐containing	  metal	  catalyst,	  and	   in	  CVD	  growth,	   through	  the	  use	  of	  boron	  based	  gases	  such	  as	  diborane	  (B2H6).	  Boron	  is	  also	  seen,	  very	  rarely,	  in	  natural	  diamond	  –	  causing	  blue	  colouring	  (type	  IIb).	  
	  
However,	  n-­‐type	  conductivity	  has	  proven	  much	  more	  difficult	   to	  achieve.35	  Through	   substitutional	   doping	  with	   nitrogen	   (the	   same	   period	   as	   carbon	   and	  boron)	  a	  donor	  state	  1.7	  eV	  from	  the	  conduction	  band	  edge	  is	  observed.36	  Such	  a	  high	   activation	   energy	   makes	   room	   temperature	   operation	   unfeasible.	   More	  recently	  phosphorus,	  a	  larger	  Group	  15	  element	  has	  been	  used	  in	  an	  attempt	  to	  gain	  a	  shallower	  n-­‐type	  dopant,	  however	  an	  activation	  energy	  of	  approximately	  0.6	   eV, 37 	  combined	   with	   significant	   lattice	   distortion 38 	  has	   prevented	  widespread	  use.	  	  
	  
2.2.4 Surface	  conductivity	  on	  diamond	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Due	  to	  the	  significant	  hurdles	  to	  direct	  doping	  of	  the	  diamond	  lattice	  there	  is	  also	   considerable	   interest	   in	   devices	   based	   on	   the	   surface	   conductivity	   of	  diamond.	  This	   is	  a	   relatively	  uncommon	  phenomenon	   in	  semiconductors,	   first	  reported	  in	  diamond	  in	  1989.39	  Here,	  hydrogen	  termination	  of	  diamond	  causes	  a	   dipole	   layer	   at	   the	   surface.	   When	   an	   adsorbed	   molecule	   dissociates	   in	   a	  solvent,	   for	   example	  water	   in	   normal	   atmospheric	   conditions,	   this	   causes	   the	  reduction	   of	   a	   hydrated	   proton	   forming	   the	   H3O+	   ion	   to	   provide	   an	   electron	  acceptor	   for	   carriers	   in	   the	   valence	   band	   of	   the	   diamond.	   The	   difference	   in	  Fermi	   energy	  between	   the	  diamond	  and	   the	   surface	   acceptor	  drives	   electrons	  from	   the	   top	   of	   the	   diamond	   valence	   band	   to	   empty	   acceptor	   levels	   in	   the	  adsorbates,	   causing	   band	   bending	   at	   the	   diamond	   surface.	   The	   extreme	  corrosion	   resistance	   seen	   in	   diamond40	  protects	   against	   oxidative	   dissolution	  and	   permits	   charge	   transfer	   to	   equalise	   the	   Fermi	   levels.	   This	   surface	   charge	  transfer	   creates	   negatively	   charged	   adsorbates,	   which	   form	   a	   compensating	  
Figure	   2.3	   Schematic	   of	   energy	   levels	   during	   surface	   transfer	   doping	   process	   (a)	  
before	   electron	   transfer	   and	   (b)	   after	   Fermi	   level	   alignment	   and	   electron	   transfer.	  
Adapted	  from	  [41].	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subsurface	   layer	   of	   holes	   in	   the	   diamond	   valence	   band.41 	  This	   process	   is	  referred	  to	  as	  surface	  transfer	  doping42	  (Figure	  2.3).	  
	  
Electronics	   operating	   via	   surface	   conductivity	   based	   on	   hydrogen	  terminated	  diamond	  has	  not	  been	  widely	  adopted	  in	  industry	  due	  to	  the	  lack	  of	  long	   term	   thermal	   stability	  of	   the	  C-­‐H	  bond/wetting	   layer/adsorbates	   system.	  Therefore,	   the	   search	   for	   alternative	   studies	   have	   shown	   that	   solids	   such	   as	  fullerene	   (C60)43	  and	   fluorofullerene	   (C60F48)44	  can	   act	   as	   the	   surface	   acceptor,	  without	  the	  need	  for	  a	  solvent	   layer.	  Recent	  progress	  on	  hydrogen	  terminated	  diamond	   includes	   a	   diamond	   FET	   using	   adsorbed	   NO2	   to	   enhance	   the	   hole	  concentration,	  covered	  by	  a	  protective	  Al2O3	  passivation	  layer	  in	  an	  attempt	  to	  offset	  the	  aforementioned	  stability	  issues.	  This	  achieved	  an	  fmax	  of	  30	  GHz	  with	  an	   IDSmax	   of	   1.35A/mm,	   the	   highest	   reported	   in	   the	   literature	   at	   the	   point	   of	  writing.45	  
	  
2.2.5 The	  breadth	  of	  diamond	  attributes	  and	  applications	  	  
Diamond	  has	  only	  been	  thought	  of	  as	  an	  electronic	  material	   for	  the	  last	  25	  years,	   as	   a	   result	   the	   overwhelming	   majority	   (by	   volume)	   of	   commercial	  applications	   use	   diamond	   in	   a	   passive	   capacity,	   such	   as	   cutting	   and	   grinding	  tools.22	  Other	  passive	  roles	  take	  advantage	  of	  diamond’s	  wide	  window	  of	  optical	  transparency,	   from	   UV	   (225	   nm)	   to	   the	   far	   infrared.46	  This	   combined	   with	  diamond’s	   strength	  and	   resistance	   to	   thermal	   shock	  make	   it	   an	   ideal	  material	  for	   harsh	   environments	   -­‐	   including	   UV	   windows	   for	   missile	   and	   rocket	   nose	  cones47	  and	  windows	  for	  synchrotron	  radiation.48	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The	   stiff	   sp3	   bonding	   seen	   in	   diamond	   permits	   a	   very	   high	   thermal	  conductivity,	  at	  2200	  W	  m-­‐1	  K-­‐1(5	  times	  greater	  than	  pure	  copper).49	  CVD	  layers	  have	   been	   successfully	   implemented	   as	   a	   heat	   spreader	   on	   high	   performance	  electronics,	  although	  it	  remains	  to	  be	  seen	  if	  this	  approach	  achieves	  widespread	  adoption.50	  Micro	  or	  Nano	  Electro-­‐Mechanical	  Systems	  (MEMS/NEMS)	  based	  on	  diamond	   have	   received	   a	   lot	   attention	   due	   to	   the	   superlative	   properties	   of	  diamond	   (e.g.	   highest	   Young’s	   modulus:	   910-­‐1250	   GPa),4	   devices	   such	   as	  whispering	   gallery	   mode	   micro	   disks,51	  photonic	   crystal	   micro	   cavities,52	  and	  ring	   resonator	   arrays	   (for	   radio	   frequency	   signal	   processing)53 	  have	   been	  produced.	  Diamond’s	  chemical	  resilience	  is	  also	  utilised	  in	  tritium	  confinement	  barriers	   in	   fusion	   reactors.54	  Indeed,	   the	   extreme	   radiation	   hardness	   seen	   in	  diamond	  makes	  it	  an	  ideal	  material	  for	  the	  detection	  of	  ionising	  radiation.	  Such	  detectors	  often	  rely	  on	  the	  high	  breakdown	  field	  strength	  of	  intrinsic	  diamond	  (between	   4	   and	   10	  MV	   cm-­‐1)4	   to	   sweep	   any	   generated	   electron	   hole	   pairs	   to	  appropriately	  sited	  electrodes.	  Deep	  UV	  detectors	  have	  been	  reported55	  and	  are	  now	  in	  commercial	  production,	  along	  with	  high	  energy	  particle	  detectors	  (alpha	  particles,	  beta	  particles	  and	  neutrons).56,57	  Boron	  doped	  diamond	  is	  an	  excellent	  electrochemical	  electrode	  and	  is	  already	  a	  well	  established	  commercial	  product	  due	  to	  a	   low	  background	  current	  and	  the	  widest	  potential	  window	  in	  aqueous	  media.58	  Boron	  doped	  diamond	  can	  be	  transparent,	  enabling	  the	  use	  of	  diamond	  electrodes	  in	  spectro-­‐electrochemistry59	  and	  cell	  growth	  studies.60	  
	  
Electron	   emission	   based	   on	   diamond	   can	   be	   induced	   through	   photon,	  electron,	  or	  ion	  bombardment,	  thermionic	  emission,	  or	  by	  external	  electric	  field.	  These	  mechanisms	   have	   potential	   (or	   realised)	   applications	   in	   large	   area	   flat	  panel	   displays	   (field	   emission),1	   electron	   amplification	   (secondary	   electron	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emission	   –	   see	   chapters	   7	  &	  8),61	  and	  highly	   efficient	   plasma	   ignition	   systems	  (ion	  induced	  electron	  emission).62	  
	  
Commercial	  electronic	  devices	  based	  on	  diamond	  have	  made	  slow	  progress,	  largely	  due	  to	  the	  difficulties	  associated	  with	  doping.	  Nonetheless,	  research	  into	  various	   type	   of	   device	   show	   great	   promise,	   particularly	   for	   use	   in	   harsh	  environments	  such	  as	  inside	  jet	  engines,	  inside	  nuclear	  reactors,	  or	  outside	  the	  earth’s	  atmosphere.	   	  Schottky	  diodes	  haven	  been	  successfully	  demonstrated	  to	  operate	   at	   1000°C,63	  whilst	   field	   effect	   transistors	   (FETs)	   based	   on	   surface	  conductivity	  of	  undoped	  diamond	  have	  reportedly	  achieved	  fmax	  of	  30	  GHz.	  FETs	  operating	  on	  boron	  doped	  diamond	  are	  expected	  to	  output	  up	  to	  13	  W	  mm-­‐1	  in	  the	   radio	   frequency	   range.64 	  Bipolar	   devices	   have	   yielded	   less	   impressive	  results,	  largely	  due	  to	  the	  lack	  of	  a	  shallow	  n-­‐type	  dopant,	  still,	  p-­‐n	  junctions,65	  and	   bipolar	   junction	   transistors	   with	   operating	   frequencies	   in	   the	   low	   GHz	  range	   have	   been	   reported.66 	  Another	   thread	   of	   current	   diamond	   research	  focuses	   on	   the	   delta	   doping	   model,	   adapted	   from	   the	   III-­‐V	   semiconductor	  process.	  In	  diamond,	  an	  ultra-­‐thin	  layer	  of	  highly	  boron	  doped	  diamond	  acts	  as	  delocalised	   charge	   carrier	   source	   (holes	   in	   the	   case	   of	   boron	   delta	   layers),	  where	   the	   wave	   function	   of	   the	   delta	   region	   extends	   into	   the	   surrounding	  intrinsic	  diamond,	  taking	  advantage	  of	  the	  high	  mobility	  exhibited	  in	  this	  region	  –	  ca.	  1600	  cm2/Vs	  for	  holes.67	  Progress	  in	  this	  area	  has	  been	  slow,	  largely	  due	  to	  the	   difficulty	   in	   creating	   a	   ‘true’	   delta	   layer	   less	   than	   1	   nm	   thick	   with	   high	  doping	  concentration,	  and	  a	  sharp	  interface.68	  The	  highest	  reported	  mobility	  in	  such	  a	  device	  was	  1-­‐4	  cm2/Vs	  through	  Hall	  effect	  measurements.69	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Piezoresistive	   strain	   gauges	   have	   recently	   been	   developed	   using	   boron	  doped	   NCD,	   achieving	   a	   gauge	   factor	   of	   7.2.	   Such	   a	   device	   should	   provide	  accurate	   real	   time	   strain	   data	   at	   high	   temperatures.70	  Quantum	   information	  processing	  is	  fast	  becoming	  one	  of	  the	  main	  threads	  of	  diamond	  research.	  Here,	  colour	  centres	  (optically	  active	  defects),	  particularly	  the	  nitrogen-­‐vacancy	  (NV)	  centre	  possess	   long	  electron	  spin	  coherence	  time	  after	  excitation	  by	  optical	  or	  microwave	   energy,	   even	   at	   room	   temperature.	   Hence,	   the	   NV	   centre	   can	   be	  thought	   of	   as	   a	   likely	   fundamental	   unit	   of	   a	   future	   quantum	   computer.71	  The	  optical	  emission	  from	  the	  NV	  centre	  is	  also	  exceptionally	  sensitive	  to	  magnetic	  and	   electric	   fields,	   making	   it	   a	   promising	   candidate	   for	   a	   future	   sensor	  platform.72	  
	  
The	  final	  field	  where	  bulk	  diamond	  holds	  great	  potential	  lies	  in	  biology.	  The	  extreme	   surface	   stability	   of	   surface	   functionalisation	   surpasses	   all	   other	  semiconductors73	  and	  has	  been	  used	  both	  in	  vitro	  as	  a	  platform	  for	  neuronal	  cell	  growth74	  and	  in	  vivo	  as	  retinal	  prostheses	  (see	  Chapter	  3	  for	  more	  detail	  in	  this	  area).75	  
2.3 Nanodiamond	  	  
2.3.1 Nanodiamond	  formation	  and	  purification	  	  
Diamond	   particles	   with	   length	   scales	   below	   100	   nm	   are	   classified	   as	  nanodiamond	   (ND).	   ND	   can	   be	   formed	   naturally	   via	   high	   power	   high	  temperature	  shockwaves	  from	  meteor	  impacts	  found	  at	  select	  locations	  around	  the	  world.76	  Indeed,	  this	  bottom-­‐up	  mechanism	  is	  the	  basis	  of	  artificially	  formed	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detonation	  nanodiamond	   (DND).	  DND	   is	  produced	  by	  detonating	  an	  explosive	  containing	   compound	   -­‐	   generally	   TNT-­‐RDX	   in	   a	   60/40	   ratio77	  -­‐	   in	   a	   cooled,	  enclosed	   oxygen-­‐deficient	   atmosphere	   	   -­‐	   Figure	   2.4	   (a).78	  The	   resulting	   high	  pressure	  and	  temperature	  shockwave	  allows	  carbon	  from	  the	  explosives	  to	  take	  its	   form	  liquid	  nano-­‐droplets	  ca.	   	  1-­‐2	  nm,	  point	  A	  on	  Figure	  2.4	  (b)	  and	  as	   the	  pressure	  and	   temperature	  decrease,	   the	  droplets	   coalesce	   into	   larger	  droplets	  and	   crystallise.79	  Once	   the	   pressure	   and	   temperature	   fall	   below	   the	   graphite-­‐diamond	   phase	   equilibrium	   line,	   diamond	   no	   longer	   forms,	   instead	   NDs	   are	  coated	   with	   graphite.	   The	   resultant	   detonation	   soot	   contains	   up	   to	   80%	  aggregated	  ND	   in	  optimal	   conditions.7	  Although	   this	   technique	  was	  developed	  by	  Russian	  scientists	  in	  the	  1960’s,	  the	  ultra-­‐dispersed	  material	  (i.e.	   individual	  nanoparticles	  separated	  from	  their	  aggregates)	  has	  only	  become	  available	  in	  the	  last	  few	  years.80,	  and	  therefore	  the	  body	  of	  knowledge	  surrounding	  this	  form	  of	  diamond	  is	  limited	  when	  compared	  to	  bulk	  material.	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Ultra	  dispersed	  ND	  is	  produced	  by	  taking	  the	  detonation	  soot	  and	  subjecting	  it	   to	   several	   purification	   stages,	   outlined	   in	   section	   2.3.2.	   The	   final,	   and	  most	  recently	   developed	   stage	   is	   the	   deagglomeration	   step.	   Here,	   to	   break	   up	   the	  agglomerated	  ND	   particles	   (Figure	   2.4(a))	   stirred	  media	  milling	   is	   performed	  whereby	  a	   slurry	  of	  micron	   sized	   zirconia	  beads	   are	   rotated	  at	  4000rpm,	   this	  breaks	   the	   aggregated	  ND	   into	   its	   primary	  particles.81	  The	  ND	   is	   then	  washed	  through	  an	  aggressive	  acid	  treatment	  (heated	  nitric	  acid)	  to	  remove	  any	  newly	  exposed	  non-­‐diamond	  impurities.82	  It	  is	  then	  thoroughly	  rinsed	  and	  is	  ready	  for	  use	  as	  a	  seed	  for	  subsequent	  growth	  (Chapter	  8),	  or	  for	  use	  as	  a	  nanoparticle	  in	  its	  own	  right	  (Chapters	  5	  and	  6).	  An	  alternative	  method	  to	  stirred	  media	  milling	  is	   available,	   known	   as	   ‘beads	   assisted	   sonic	   disintegration’.	   Here	   a	   sonotrode	  emits	   strong	   ultrasound,	   causing	   cavitation	   assisted	   breakup	   of	   the	  
Figure	   2.4	   Synthesis	   of	   detonation	   nanodiamond	   (a)	   a	   TNT/RDX	  mixture	   produces	   50-­‐500	   nm	  
agglomerates	   comprised	  of	  5	  nm	  primary	  particles.	   (b)	  Phase	  diagram	  of	  bulk	  diamond	   (black)	  and	  
nanoscale	   carbon	   (blue),	   showing	   the	   process	   isentrope	   (red).	   (c)	   Schematic	   of	   detonation	   wave	  
propagation	  (I)	   front	  of	  shockwave	  propagation,	  (II)	  explosive	  molecules	  decompose,	  (III)	  Chapman-­‐
Jouguet	   plane	   (point	   A	   from	   (b)	   where	   energy	   release	   and	   reaction	   is	   complete),	   (IV)	   detonation	  
products	  expand,	  (V)	  carbon	  nanoclusters	  form,	  (VI)	  clusters	  coagulate	  into	  liquid	  nanodroplets,	  (VII)	  
nanodroplets	  crystallise,	  grow,	  and	  	  agglomerate.79	  Adapted	  from	  [78].	  
41	  	  
agglomerates.	   However,	   this	   method	   introduces	   metallic	   contamination	   from	  the	   sonotrode	   and	   is	   therefore	   not	   widely	   used	   in	   applications	   where	   high	  purity	  is	  desired.	  
	  
The	   other	   route	   to	   ND	   synthesis	   is	   through	   the	   top-­‐down	   approach	   of	  crushing	   and	   filtering	   (through	   centrifugation)	   of	   larger	   diamond	   particles	  formed	   through	   HPHT	   into	   successively	   smaller	   grains.	   However,	   the	   major	  disadvantage	   with	   this	   route	   is	   the	   larger	   particle	   median	   particle	   size,	   at	  approximately	  18	  nm,	  which	  exhibits	  a	  wide	  range	  of	  particle	  distributions	  ~0-­‐50	  nm.	  83	  The	   key	   benefit	   associated	   with	   this	   approach	   is	   the	   lack	   of	   sp2	  impurities	  on	  the	  ND	  surface,	  negating	  any	  need	   for	   further	  purification	  steps,	  as	  is	  required	  of	  DND.	  
	  
2.3.2 Nanodiamond	  surface	  functionalisation	  	  
The	   ND	   surface	   retains	   all	   of	   bulk	   diamond’s	   functionalisable	   properties,	  whilst	   their	   nano	   scale	   vastly	   increases	   the	   potency	   of	   surface	   functional	  groups.84	  As	   a	   result,	   there	   has	   been	   considerable	   interest	   in	   NDs	   and	   their	  surface	   functionalisation	   as	   almost	   all	   applications	   require	   control	   of	   the	  surface	  functionalisation.	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Figure	   2.5	   The	   range	   of	   surface	   groups	   seen	   on	   as	   received	   ND,	   note	   the	   actual	  
moieties	  depend	  on	  the	  method	  of	  production	  and	  purification.	  Adapted	  from	  [84].	  	  
	  
The	  cooling	  process	  in	  detonation	  synthesis	  usually	  uses	  water	  or	  ice	  as	  the	  coolant,	   therefore	  reactions	  with	  the	  hydroxyl	  radical	  and	  the	  ND	  surface	  take	  place.	  In	  addition,	  during	  the	  purification	  process	  exposure	  to	  oxidising	  agents	  to	   remove	   graphitic	   deposits	   and	   trace	   metallic	   impurities	   (mainly	   from	  reaction	  chamber	  walls)	   is	   required.	  Both	   these	  processes	   result	   in	  a	   range	  of	  oxygen	  containing	   functional	  groups	  being	   imparted	  onto	  the	  surface.85	  Hence,	  when	   referring	   to	   ‘untreated’	   ND,	   the	   surface	   will	   contain	   a	   set	   of	   functional	  groups	  resembling	  	  
	  
Figure	  2.5.	  Further	   functionalisation	  of	  ND	   is	  performed	  using	  a	  variety	  of	  either	   wet	   or	   dry	   mechanisms.	   Wet	   methods	   involve	   immersing	   the	   ND	   in	  concentrated	  acid/base	  solutions.	  For	  example	  a	  1:3	  mixture	  of	  HF	  and	  HNO3,	  is	  employed	  to	  carboxylate	  the	  surface	  of	  the	  ND,	  this	  also	  results	  in	  a	  reduction	  of	  graphitic	  and	  metallic	  impurities	  detected.86	  In	  the	  case	  of	  dry	  methods,	  either	  a	  simple	  high	   temperature	  anneal	  or	  a	  plasma	   treatment	   in	  a	  specific	   treatment	  gas	   will	   provide	   the	   energy	   to	   break	   the	   bonds	   of	   the	   surface	   terminations	  previously	   in	   place.	   As	   an	   example,	   hydrogen	   termination	   of	   ND	   has	   been	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previously	   achieved	   by	   taking	   raw	   ND	   powder,	   inserting	   it	   in	   a	   quartz	   tube	  containing	   a	   hydrogen	   ambient	   and	   passing	   2.45	   GHz	   microwave	   energy	  through	  the	  tube,	  igniting	  a	  small	  hydrogen	  plasma.87	  Any	  of	  these	  methods	  can	  then	  be	  combined	  with	  further	  (usually	  wet)	  processing	  in	  order	  to	  create	  more	  complex	  surface	  terminations.	  
	  
2.3.3 Nanodiamond	  applications	  	  
Due	  to	  the	  relative	  ease	  of	  surface	  functionalisation,	  and	  the	  wide	  range	  of	  characteristics	   these	   surfaces	   present,	   there	   is	   an	   assortment	   of	   exciting	  potential	   applications	   for	   surface	   functionalised	   ND.	   Within	   this	   field,	   the	  uniquely	   small	   and	   stable	   form	   of	   the	   ND	   -­‐	   particularly	   within	   the	   range	   of	  environments	   seen	   in	   biological	   media	   -­‐	   can	   be	   combined	   with	   surface	  functional	   groups	   to	   anchor	   useful	   molecules	   and	   transport	   them	   into	   the	  specific	   tissues	   in	   the	   body.	   For	   example	   NH2	   termination	   and	   the	  chemotherapy	   drug	   doxorubicin,	   where	   accurate	   targeting	   could	   significantly	  reduce	  the	  quantity	  administered.88	  Taking	  advantage	  of	  the	  ease	  of	  depositing	  NDs	  across	   large	  areas	  and	  the	  high	  surface	  curvature	  surfaces	  these	  produce,	  NDs	   have	   been	   used	   as	   a	   substitute	   for	   the	   traditional	   extra	   cellular	   matrix	  protein	   coated	   substrate	   used	   for	   neuronal	   cell	   cultures.89	  This	   anchor	  model	  can	   be	   used	   to	   employ	   diamond's	   extreme	   hardness	   by	   incorporating	   ND	   to	  form	   composite	   materials,	   for	   example,	   increasing	   the	   hardness	   and	   Young's	  modulus	   of	   a	   biodegradable	   polymer	   used	   in	   bone	   scaffolding. 90 	  As	   ND	  monolayers	   provide	   a	   facile	   means	   of	   diamond	   deposition	   in	   3D	   on	   most	  materials,91	  their	   promise	   as	   porous	   electrodes	   has	   been	   studied.92	  Diamond	  can	  also	  be	  used	  for	  chemical	  detection	  where	  the	  nanodiamond	  surface	  can	  be	  terminated	  with	  a	  molecule	  that	  reacts	  with	  a	  specific	  target	  molecule	  or	  subset	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of	  molecules	   in	  order	   to	  actuate	  a	   sensor.	  This	   technique	  has	  been	  utilised	  by	  Ahmad	   et	   al.	   to	   form	   inexpensive	   chemical	   sensors	   by	   attaching	   ND	   to	   a	  cantilever	   structure93	  or	   by	   adding	   ND	   to	   the	   gate	   of	   an	   ISFET.94	  N-­‐V	   centres	  have	  been	  widely	  reported	  in	  ND,	  their	  fluorescence	  has	  already	  been	  used	  as	  a	  label	   for	   ND	   incubated	   inside	   HeLa	   cells.95	  Commercial	   uses	   of	   ND	   have	   been	  gradually	   taking	  hold.	  For	  a	   long	   time,	   the	  only	   ‘commercial’	  use	  of	  ND	  was	   in	  lubricating	   engine	   parts	   in	   the	   Soviet	   Union.96	  ND	   infused	   thermal	   interface	  paste	  has	  found	  a	  niche	  in	  enthusiast	  personal	  computing97	  where	  the	  additive	  yields	   greater	   thermal	   conductivity.	   As	   mentioned	   in	   section	   2.3.1,	   a	   very	  important	  application	  of	  ND	  to	  the	  growth	  of	  CVD	  diamond	  lies	  in	  its	  ability	  to	  uniformly	   seed	   large	   area	   substrates,	   enabling	   uniform	   growth	   of	   thin	   NCD	  layers,81	  lowering	  costs	  per	  square	  centimetre.	  	  
	  
2.3.4 Conclusion	  	  
Diamond,	  whilst	  exhibiting	  extreme	  material	  characteristics,	  suffers	  from	  a	  high	   degree	   of	   difficulty	   in	   the	   production	   and	  manipulation	   of	   highly	   defect	  free	   substrates	   resulting	   in	   a	   slow	   uptake	   in	   engineering	   applications.	   This	   is	  particularly	   apparent	   in	   the	   electronic	   uses	   of	   diamond,	  which	   have	   seen	   the	  lowest	  commercial	  uptake	  of	  the	  fields	  outlined	  above.	  Nanodiamond	  has	  seen	  even	  fewer	  successful	  implementations,	  although	  it	  does	  have	  the	  saving	  grace	  that	   it	   is	   a	   somewhat	  new	   form	  of	  diamond	  and	  as	   such,	  has	  not	   received	   the	  same	  amount	  of	  attention	  as	  other	  forms	  of	  diamond.	  However,	  much	  promise	  remains,	  with	  refinements	  to	  the	  processing	  and	  applications	  ongoing	  resulting	  in	  steady	  (if	  slow)	  progress.	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3.1 Introduction	  	  
As	  both	  topics	  discussed	  in	  this	  chapter	  are	  highly	  disparate,	  wide	  ranging	  fields,	   this	   background	   chapter	   aims	   to	   collate	   the	   relevant	   information	  required	  for	  a	  full	  understanding	  of	  the	  subsequent	  experimental	  chapters.	  
	  
3.2 Neurons	  	  
3.2.1 Histology	  	  
Neurons	   are	   highly	   specialised	   class	   of	   cells	   found	   in	   most	   animals	   (all	  species	  within	   the	  Eumetazoa	  group)	  with	   the	  primary	   function	  of	  processing	  and	   transmitting	   electrochemical	   signals.	   As	   the	   location	   and	   function	   of	  neuronal	   cells	   is	   highly	   varied,	   there	   is	   a	   wide	   range	   of	   observed	   sizes	   and	  electrochemical	   properties.1	  However	   a	   typical	   neuron	   can	   be	   described	   as	   a	  cell	   containing	   a	   cell	   body,	   dendrites,	   and	   an	   axon.	   The	   cell	   body	   (or	   soma)	  contains	   the	   cell	   nucleus,	   where	   the	   majority	   of	   protein	   synthesis	   occurs.	  Electrical	   impulses	   known	   as	   action	   potentials	   are	   received	   here,	   carried	   by	  dendrites.	   Dendrites	   are	   extensions	   of	   the	   cell	   that	   pass	   (and	   integrate)	   the	  electrochemical	  information	  received	  from	  10,000	  –	  100,000	  other	  neurons	  into	  the	   cell	   body.2	  Finally,	   axons	   are	   responsible	   for	   the	   conduction	   of	   action	  potentials	  away	  from	  the	  cell	  body	  and	  on	  to	  other	  neurons	  or	  tissues	  and	  are	  typified	   by	   a	   long	   untapering	   radius	   terminated	   with	   numerous	   terminal	  buttons.	   At	   the	   terminal	   button	   synapses	   transmit	   action	   potentials	   adjacent	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dendrites	  or	  other	  structures.	  Axons	  are	  sometimes	  coated	  with	  a	  myelin	  sheath	  (particularly	  in	  large	  animals	  such	  as	  humans),	  formed	  by	  supporting	  glial	  cells	  which	   create	   a	   dielectric	   layer	   around	   the	   axon,	   enabling	   fast	   transmission	   of	  action	   potentials	   along	   the	   axon	   and	   preventing	   current	   leakage	   into	   the	  surrounding	  media.	   As	   previously	  mentioned,	   the	   term	   neuron	   covers	   a	  wide	  variety	  of	  cells	  found	  in	  animals.	  	  
	  
Figure	  3.1	  Schematic	  of	  action	  potential	  progression.	  
	  
Figure	  3.1	  shows	  the	  progression	  of	  an	  action	  potential,	  as	  seen	  in	  neurons.	  Initially	  sodium	  ions	  are	  outside	  the	  cell	  membrane,	  whilst	  potassium	  ions	  are	  inside	  it,	  giving	  a	  resting	  polarisation	  of	  -­‐70	  mV.	  Upon	  stimulation,	  the	  sodium	  ions	   begin	   to	   enter	   the	   cell	   through	   the	   ion	   channels,	   causing	   a	   rapid	  depolarisation	   across	   the	   membrane.	   Next,	   potassium	   ions	   leave	   the	   cell	  through	  the	  potassium	  ion	  channels	  and	  the	  sodium	  ion	  channels	  close,	  causing	  the	   sodium	   ions	   to	   remain	   inside	   the	   cell.	   This	   has	   the	   effect	   of	   enacting	   the	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action	  potential.	  The	  cell’s	  membrane	  then	  repolarises	  by	  pumping	  the	  sodium	  and	   potassium	   ions	   back	   to	   their	   starting	   positions	   (outside	   and	   inside	   the	  membrane,	  respectively).	  During	  this	  period	  the	  cell	  is	  said	  to	  be	  in	  a	  refractory	  period	  where	   further	   stimulus	  will	   not	   result	   in	   another	   action	  potential.	   The	  entire	  timescale	  of	  this	  process	  (including	  the	  refractory	  period)	  is	  around	  5	  ms.	  
	  
This	  thesis	  is	  concerned	  with	  neurons	  from	  a	  medical	  perspective;	  therefore	  to	   narrow	   the	   field	   down,	   only	   neurons	   found	   in	   the	   human	   body	   will	   be	  discussed.	  The	  most	  common	  type	  of	  neuronal	  cell	  found	  in	  the	  human	  body	  are	  known	  as	  multipolar	  neurons,	  these	  are	  found	  throughout	  the	  nervous	  system.	  Bipolar	  neurons	  are	  found	  in	  select	  areas	  such	  as	  the	  olfactory	  epithelium	  (used	  in	  odour	  detection)	  and	  the	  retina	  (part	  of	  the	  visual	  system)	  and	  are	  defined	  by	  a	   single	   dendrite	   branch	   and	   a	   single	   axon.	   Unipolar	   neurons	   (referred	   to	   as	  pseudounipolar	  neurons	  when	  developed	  from	  a	  bipolar	  neuron	  form)	  have	  one	  axon,	  which	  has	  split	  to	  form	  an	  efficient	  relay	  of	  physical	  stimuli	  to	  the	  spinal	  cord	  or	  brain.3	  Due	  to	  this	  extreme	  specialisation,	  neurons	  have	  little	  resilience	  to	  environmental	  stress	  and	  hence	  any	  foreign	  bodies	  detected	  are	  subject	  to	  an	  immune	   response,	   hampering	   observation	   or	   intervention	   from	   external	  elements.45	  Glial	  cells,	  forming	  support	  structures	  around	  the	  neural	  pathways,	  are	  instrumental	  in	  this	  immune	  response,	  forming	  glial	  scar	  tissue	  in	  a	  process	  called	   gliosis.	   Here,	   the	   scar	   tissue	   forms	   around	   foreign	   bodies,	   insulating	   it	  from	   the	   nervous	   system.	   This	   causes	   considerable	   complications	   for	   neural	  biomaterials,	   particularly	   those	   attempting	   to	   acquire	   electrical	   information,	  and	   hence,	   gliosis	   is	   used	   as	   a	   measure	   of	   the	   disruption	   caused	   by	   external	  damage	  or	  the	  introduction	  of	  foreign	  bodies	  into	  neuronal	  tissue.6	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The	   neurons	   used	   throughout	   chapter	   5	   were	   embryonic	   murine	  hippocampal	  cells.	  The	  hippocampus	  appears	  similar	  between	  a	  wide	  range	  of	  mammalian	   species,	   and	   analogous	   structures	   are	   found	   in	   other	   classes	   of	  animal,	   suggesting	   the	   hippocampus’	   role	   (at	   least	   in	   navigation)	  was	   defined	  early	  on	  in	  Chordata	  (vertebrate)	  evolution.7	  	  The	  hippocampus	  is	  an	  area	  of	  the	  brain	   strongly	   linked	   to	  memory,8	  inhibition,9	  and	   to	   space	   (or	   location)10	  and	  as	  such	  has	  received	  a	  great	  deal	  of	  research	  interest.	  Murine	  (mouse)	  cells	  are	  a	   commonly	   used	  model	   organism	   due	   to	   their	   similarity	   to	   human	   genetics,	  physiology,	  and	  anatomy.11,12	  Furthermore,	  the	  murine	  model	  represents	  a	  good	  trade-­‐off	   between	   human	   similarity	   and	   cost	   of	   use	  when	   compared	   to	   other	  popular	   model	   systems	   such	   as	   primates,	   Danio	   rerio	   (zebra	   fish),	   and	  Drosophila	   melanogaster	   (fruit	   fly). 13 	  Of	   particular	   importance	   is	   the	  accelerated	   lifecycle	   –	   approximately	   2	   years,	   where	   one	   mouse	   year	  corresponds	  roughly	  30	  human	  years,	  allowing	  for	  manageable	  study	  scales	  and	  the	   observation	   of	   processes	   operating	   on	   very	   long	   time	   scales	   in	   humans.14	  Embryonic	  hippocampal	  cells	  are	  used	  due	  to	  their	  good	  availability,	  their	  high	  sensitivity	  to	  changes	  in	  ambient	  conditions,	  and	  the	  fact	  they	  are	  relatively	  well	  characterised	   making	   them	   ideal	   candidates	   for	   the	   assessment	   of	   neuronal	  biomaterials.	  
	  
3.2.2 Neuronal	  biomaterials	  	  
Biomaterials	   are	   defined	   by	   the	   International	   Union	   of	   Pure	   and	   Applied	  Chemistry	   (IUPAC)	   as	   matter	   that	   interfaces	   with	   living	   tissue,	   organisms	   or	  microorganisms.15	  Implanted	  biomaterials	   aim	   to	   enact	   the	  minimal	   biological	  response	  possible,	  as	  such	  a	  response	  causes	  deviation	  from	  typical	  behaviour.	  Biomaterials	   destined	   for	   use	   with	   neuronal	   cell	   cultures	   typically	   require	   a	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trade-­‐off	  between	  being	  electrically	  active	  and	  biologically	  active.16	  Put	  another	  way,	  current	  biomaterials	  generally	  act	  as	  either	  electrode-­‐like	  or	  tissue-­‐like.	  All	  biomaterials	  must	  show	  no	  cytotoxicity	   (causing	  cell	  death)	  nor	  any	  reactivity	  within	  typical	  biological	  media.	  	  
	  
The	   ability	   to	   control	   where	   neurons	   grow	   in	   vitro	   has	   long	   been	   an	  important	  goal	  of	  bioengineers;	  such	  networks	  could	  then	  easily	  be	   integrated	  with	   electronic	   systems.	   In	   order	   to	   pattern	   neural	   networks,	   first	   the	  biomaterial	   used	   must	   support	   cell	   adhesion.	   For	   example	   silane	   containing	  functional	  groups	  reduce	  neural	  cell	  adhesion17	  and	  therefore	  must	  be	  avoided	  when	   considering	   a	  potential	   biomaterial	   or	   its	   surface	   functionalisation.	  This	  control	   has	   been	   achieved	   previously	   on	   silicon;18	  however,	   it	   was	   not	   until	  measurements	   of	   acute	   brain	   slices	   (large	   number	   of	   neurons)	   within	   a	  functional	   network	   were	   also	   demonstrated	   on	   glass	   coated	   multi-­‐electrode	  arrays	  (MEA)19	  that	  investigations	  into	  their	  electrical	  characteristics	  had	  been	  demonstrated.	   More	   recently,	   these	   two	   concepts	   were	   combined	   to	   pattern	  neurons	   directly	   on	   a	   MEA,	   allowing	   for	   more	   complex	   neuronal	   network	  analysis.20 	  These	   studies	   performed	   in	   vitro	   on	   silicon	   and	   silicon	   dioxide	  substrates	   would	   therefore	   not	   be	   biocompatible	   for	   in	   vivo	   applications.21	  Hence	   there	   is	   great	   interest	   in	   the	   use	   of	   diamond,	   which	   can	   be	   both	  conductive	   and	  biocompatible.	  The	   importance	  of	   surface	   functionalisation	  on	  diamond	  neuronal	  in	  vivo	  biomaterials	  has	  been	  investigated	  by	  several	  groups.	  These	  groups	  have	  shown	  the	  crystalline	  structure	  of	  the	  diamond	  used	  seems	  to	   greatly	   alter	   the	   influence	   of	   the	   surface	   functionalisation,	   for	   example	   flat	  single	  crystal	  diamond	  shows	  greater	  cell	  attachment	  when	  oxygen	  terminated	  (as	   opposed	   to	   hydrogen	   terminated).22	  However,	   nanocrystalline	   diamond	  (NCD)	  shows	  no	  difference	  between	  hydrogen	  and	  oxygen	  termination.23,30	  This	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observation	   does	   not	   hold	   for	   neural	   stem	   cells	   as	   these	   have	   been	   shown	   to	  differentiate	   (become	   a	   more	   specialised	   cell	   type)	   into	   either	   neurons	  (hydrogen	   termination)	   or	   glial	   cells	   (oxygen	   terminated)	   when	   cultured	   on	  ultrananocrystalline	   diamond	   (UNCD). 24 	  Other	   investigations	   into	   the	  biomaterial	   surface	   state’s	   effect	   on	   cellular	   attachment	   have	   revealed	  positively	   charged	   surfaces	   enable	   the	   attachment	   of	   neurons	   through	  electrostatic	   bonding	   with	   the	   negatively	   charged	   cell	   membrane,25	  however	  this	  effect	  is	  only	  temporary	  and	  others	  have	  reported	  the	  failure	  of	  this	  method	  in	  maintaining	  cell	  cultures	  past	  the	  first	  few	  days	  in	  vitro.26	  
	  
The	  first	  reported	  use	  of	  diamond	  as	  an	  in	  vivo	  neural	  electrode	  was	  in	  2008	  from	   Chan	   et	   al.,	   however	   this	   resulted	   in	   unacceptably	   high	   signal	   to	   noise	  ratio.27	  Diamond	  was	  first	  used	  as	  a	  substrate	  for	  MEAs	  by	  Soh	  et	  al.	  in	  2004,28	  however	   it	  was	  not	   until	   2011	   that	  Bergonzo	  et	  al.	   integrated	  diamond	  based	  MEA	  technology	  with	  living	  tissue	  by	  making	  flexible	  polyimide	  housings	  for	  the	  diamond	   electrode.29	  In	   2004	   Specht	   et	   al.	   selectively	   coated	   single	   crystal	  diamond	   with	   tracks	   of	   laminin	   using	   micro	   contact	   printing	   and	   observed	  neurons	  attached	  solely	  to	  the	  tracks,	  with	  clear	  signs	  of	  neurite	  growth	  along	  the	   track	   at	   DIV2	   (Figure	   3.2).30	  This	   precoating	   of	   laminin,	   itself	   an	   extra	  cellular	   protein	   (ECM)	   along	   with	   fibronectin,	   forms	   the	   molecular	   support	  structures	   and	   contain,	   for	   example	   the	   tripeptide	   sequence	   RGD	  (Arginylglycylaspartic	   acid).	   RGD	   is	   implicated	   in	   cellular	   attachment	   via	  receptors	  known	  as	  integrins.31	  These	  ECM	  proteins	  can	  therefore	  be	  applied	  to	  biomaterials	  in	  order	  to	  promote	  adhesion,	  and	  are	  indeed	  routinely	  coated	  on	  artificial	  substrates.32	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Figure	  3.2	   Successive	  detail	   of	   ordered	  neuronal	   growth	  on	  diamond	   selectively	   coated	  
with	   the	   protein	   laminin.	   	   The	   arrow	   on	   (C)	   shows	   the	   residual	   signal	   from	   the	   laminin	  
coating.	  Taken	  from	  [30].	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3.3 Image	  intensifiers	  	  
3.3.1 Photomultiplication	  	  
The	  ability	  to	  amplify	  photons	  has	  created	  a	  vast	  array	  of	  novel	  technologies	  (see	  section	  3.3.3),	  however	  two	  discoveries	  were	  necessary	  for	  the	  principle	  to	  gain	   its	  wide	  use	  today.	  Firstly,	   the	  photoelectric	  effect,	  discovered	  in	  1887	  by	  Hertz33	  was	  fully	  explained	  by	  Einstein	  in	  1905,34	  leading	  to	  him	  being	  awarded	  the	   Nobel	   Prize	   in	   1921.	   The	   effect	   describes	   the	   emission	   of	   electrons	   from	  matter	   caused	  by	   the	   absorption	  of	   light	   and	   led	   to	   the	  discovery	   that	   light	   is	  comprised	   of	   quantised	   packets	   of	   electromagnetic	   energy,	   and	   that	   it	   is	   this	  quanta	  of	  energy	  rather	  than	  the	  radiative	  flux	  that	  enables	  the	  liberation	  of	  an	  electron.	   The	   second	   discovery	   was	   that	   of	   secondary	   electron	   emission	   by	  Austin	   and	   Starke	   in	   1902,35	  where	   a	   primary	   beam	   of	   electrons	   of	   sufficient	  energy	   incident	   on	   a	   surface	   results	   in	   a	   larger	   number	   of	   electrons	   being	  emitted.	  	  
	  
Combining	   these	   two	   phenomena,	   the	   first	   reported	   use	   of	   a	  photomultiplier	  was	  by	  Iams	  and	  Salzberg	  of	  the	  Radio	  Corporation	  of	  America	  in	   1935.36	  This	  was	   achieved	  by	   combining	   a	   photocathode	   and	   a	   single	   stage	  secondary	   electron	   emitter	   within	   a	   vacuum	   enclosure.	   This	   early	   model	  exhibited	   a	   gain	   of	   8	   and	   an	   operating	   frequency	   in	   the	   kHz	   range.	   Modern	  equivalents,	   with	   several	   secondary	   emission	   stages	   obtain	   gains	   as	   high	   as	  1×108	  (160	  dB)	  with	  very	  low	  noise.373839	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In	  the	  photomultiplier,	   light	  first	   interacts	  with	  a	  photocathode.	  Here,	   light	  is	   converted	   into	   electrons	   though	   the	   photoelectric	   effect,	   provided	   the	  quantum	  energy	  associated	  with	  the	  photon	  is	  sufficient	  to	  overcome	  the	  work	  function	  of	  the	  photocathode,	  and	  is	  emitted	  into	  vacuum.	  Care	  must	  be	  taken	  to	  minimise	   electron-­‐electron	   collisions	   (which	   reduce	   the	   energy	   of	   the	   excited	  electron,	   potentially	   below	   that	   of	   the	   work	   function)	   by	   maintaining	   a	   thin	  photocathode	  layer.	  This	  energy	  requirement	  can	  be	  reduced	  by	  the	  inclusion	  of	  semiconductor	   surfaces	   exhibiting	   negative	   electron	   affinity	   (NEA).	   The	  electron	   affinity	   is	   defined	   as	   the	   energy	   gained	   by	   taking	   an	   electron	   from	  vacuum	   level	   (outside	   the	   surface)	   to	   the	   bottom	   of	   the	   conduction	   band,	  conversely,	  NEA	  is	  the	  energy	  lost	   in	  the	  unusual	  scenario	  of	  the	  vacuum	  level	  being	   below	   the	   conduction	   band	   (see	   section	   4.11	   for	   a	   more	   detailed	  
Figure	   3.3	   Top:	   Modern	   photomultiplier	   tube.	   Adapted	   from	   [38].	  
Bottom:	  Schematic	  of	  photomultiplier	  tube.	  Taken	  from	  [39].	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explanation).	  Typically	  photocathodes	  are	  based	  on	  alkali	  metals	  such	  as	  Cs-­‐I	  or	  Sb-­‐Rb-­‐Cs.40	  	  After	  being	   focused,	   the	  photogenerated	  electrons	  are	  attracted	  to	  the	  first	  dynode	  with	  a	  positive	  potential.	  Each	  electron	  impacts	  the	  surface	  of	  the	   dynode	   with	   sufficient	   energy	   to	   emit	   secondary	   electrons,	   these	  secondaries	   are	   then	   accelerated	   toward	   the	   second	   dynode	   by	   a	   positive	  potential	  greater	  than	  the	  first.	  A	  multiplication	  factor	  of	  around	  ten	  is	  seen	  at	  each	  dynode	   stage,	   combining	   these	   yields	   the	   overall	  multiplication	   factor	   of	  the	  device	  (quoted	  as	  1×108	  above).	  Typical	  dynode	  materials	  are	  alkaline	  earth	  metal	   oxides	   such	   as	   BeO	   or	   MgO.41	  The	   amplified	   electron	   beam	   is	   then	  directed	   to	   the	   anode,	   which	   is	   of	   a	   magnitude	   that	   can	   be	   detected	   by	  conventional	  electronics.	  
	  
Commercial	   photomultiplier	   tube	   applications	   have	   largely	   been	  superseded	  by	   lower	   cost	   alternatives,	   such	  as	   avalanche	  photodiodes,	   charge	  coupled	  devices	  (CCD),	  and	  active	  pixel	  sensors	  and	  are	  only	  typically	  still	  used	  in	   very	   high	   performance	   applications.	   Avalanche	   photodiodes	   are	   solid	   state	  equivalents	  of	  photomultiplier	  tubes,	  in	  that	  the	  photoelectric	  effect	  creates	  an	  electron	   hole	   pair	   which	   then	   is	   accelerated	   through	   a	   high	   internal	   field,	  causing	  gain	  through	  avalanche	  multiplication	  -­‐	  free	  electrons	  being	  accelerated	  to	   energies	   sufficient	   to	   liberate	   other	   electrons	   through	   collisions.	   Avalanche	  photodiodes	   are	   generally	   used	   in	   applications	   requiring	   high	   bandwidth	   or	  where	   preamplifier	   noise	   is	   high,	   such	   as	   fibre	   optic	   receivers	   or	   laser	  rangefinders.42	  CCDs	   are	   used	   in	   less	   demanding	   environments	   where	   high	  quality	  images	  are	  still	  required,	  such	  as	  astrophotography	  and	  live	  cell	  imaging.	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For	   applications	   where	   cost	   is	   a	   determining	   factor	   (i.e.	   consumer	  electronics),	   active	   pixel	   sensors	   (also	   known	   as	   CMOS	   sensors	   after	   the	  fabrication	   technology	   –	   complementary	   metal-­‐oxide-­‐semiconductor)	   have	  gained	   wide	   popularity	   due	   to	   the	   low	   power	   consumption	   (a	   result	   of	   the	  complementary	   p-­‐	   and	   n-­‐type	   transistor	   structure)	   and	   ease	   of	   scalability.	  However,	  continual	  improvements	  in	  CMOS	  technology	  are	  causing	  a	  creep	  into	  applications	  previously	  held	  by	  more	  expensive	  technologies.	  
	  
	   PMT	   CCD	   CMOS	  Dynamic	  Range	   >1000	   >10,000	   >5,000	  Detection	  Speed	   fastest	   slow	   fast	  Quantum	  Efficiency	   5-­‐20%	   25-­‐95%	   15-­‐35%	  Multi-­‐channel	   no	   yes	   yes	  Spectral	  Sensitivity	   300-­‐900nm	   300-­‐1100	   400-­‐1100	  Dark	  Signal	   good	   best	   best	  Read	  Noise	   good	   best	   best	  
	  
	  Table	  3.1	  Relative	  merits	  of	  differing	  sensor	  technologies.	  Adapted	  from	  [43].	  
 
3.3.2 The	  microchannel	  plate	  	  
To	  discuss	   the	  microchannel	  plate	   (MCP)	   it	   is	   first	   useful	   to	   introduce	   the	  concept	   of	   the	   electron	   multiplier.	   Similar	   in	   operating	   principle	   to	   the	  photomultiplier	   tube,	   the	   electron	   multiplier	   is	   instead	   composed	   of	   one	  continuous	   amplification	   stage	   (as	   opposed	   to	   discrete	   dynode	   structures)	  where	  the	  sidewalls	  act	  as	  secondary	  electron	  sources.	  Electron	  multipliers	  are	  typically	   utilised	   in	   the	   field	   of	  mass	   spectrometry	   to	   amplify	  mass	   separated	  ions	  through	  ion	  induced	  secondary	  electron	  emission	  (Figure	  3.5).	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Figure	   3.5	   Top:	   Electron	  multiplier.	   Taken	   from	   [44].	   Bottom:	   Schematic	   of	   electron	  
multiplier.	  Adapted	  from	  [45].	  
Figure	  3.4	  MCP	  microstructure.	  Note,	  the	  channels	  are	  continuous	  and	  exit	  on	  the	  rear	  side.	  Adapted	  from	  [47]	  
62	  	  
	  The	   electron	   multiplier	   and	   photomultiplier	   tube,	   whilst	   unsurpassed	   in	  detection	  speed,	  lack	  any	  form	  of	  spatial	  resolution.	  To	  overcome	  this,	  Goodrich	  at	   the	   Bendix	   corporation	   took	   the	   concept	   of	   the	   electron	   multiplier	   and	  miniaturised	   it	   and	   placed	   millions	   of	   the	   channels	   parallel	   to	   each	   other,	  forming	  the	  MCP	  structure	  (Figure	  3.4).46	  47	  
	  
The	  channels	  of	  the	  MCP	  are	  set	  at	  a	  small	  angle	  (8	  -­‐	  10°)	  from	  the	  normal	  and	  are	  typically	  6	  –	  20	  µm	  wide	  and	  0.33	  –	  1.1	  mm	  in	  length.47	  The	  front	  and	  rear	   faces	   are	  metallised	   to	   enable	   a	   large	   voltage,	   generally	   1	   kV,	   across	   the	  device	  to	  enable	  the	  acceleration	  of	  secondary	  electrons	  to	  energies	  capable	  of	  generating	  further	  secondaries,	  typically	  2	  at	  each	  impact.	  The	  1	  kV	  voltage	  on	  the	  MCP	   results	   in	   a	   low	   current	   through	   the	   device,	   called	   the	   strip	   current,	  typically	  10	  µA.	  Importantly	  for	  the	  modification	  of	  the	  MCP	  documented	  later	  in	   this	   thesis,	   a	   resistance	  of	   approximately	  100	  MΩ	   is	   required	   to	  maintain	  a	  low	   strip	   current.	   The	   strip	   current	   allows	   the	   1	   kV	   voltage	   to	   be	   distributed	  evenly	  across	  the	  channel,	  preventing	  the	  formation	  of	  ‘dead	  zones’	  of	  low	  local	  field.	  The	  MCP	  is	  made	  of	  doped	  lead	  oxide	  glass,	  the	  exact	  proportions	  of	  which	  are	  an	  undisclosed	  commercial	  secret.	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3.3.3 Image	  intensifiers48	  
	  
When	  the	  MCP	  is	  combined	  with	  a	  photocathode	  and	  a	  phosphor	  screen	  and	  arranged	   as	   in	   Figure	   3.6,	   photons	   are	   converted	   to	   electrons	   at	   the	  photocathode,	  which	  are	  amplified	  in	  the	  MCP.	  Upon	  exit	  of	  the	  MCP,	  electrons	  interact	   with	   the	   phosphor	   screen,	   converting	   electrons	   back	   to	   photons	  through	  fluorescence.	  At	  the	  end	  of	  this	  process,	  an	  intensified	  image	  is	  formed.	  This	   image	  can	  then	  be	  detected	  by	  the	  human	  eye,	  or	   further	  electronics	  (e.g.	  CCD)	  depending	  on	  the	  application.	  The	  number	  of	  channels	  in	  the	  MCP	  dictates	  the	  resolution	  of	  the	  intensified	  image	  (measured	  in	  line	  pairs	  per	  millimetre),	  currently	  an	  MCP	  is	  produced	  by	  Photonis	  with	  11	  million	  channels.49	  
	  
Two	  types	  of	  image	  artefacts	  are	  typically	  associated	  with	  image	  intensifiers	  –	  halos	  and	  speckle.	  A	  halo	  is	  a	  bright	  ring	  around	  an	  intense	  source	  of	  light,	  this	  
	  
Figure	   3.6	   Image	   intensifier	   tube	   showing	   the	   three	   main	   components;	  
Photocathode,	  MCP	  and	  phosphor	  screen.	  Taken	  from	  [48].	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is	  generally	  caused	  by	  backscattered	  electrons	  from	  the	  MCP	  being	  readsorbed	  by	  neighbouring	  channels.	  This	  has	  since	  been	  mitigated	  with	  carbon	  coatings	  on	   the	   walls	   of	   the	   channels.	   Speckle	   is	   caused	   by	   the	   failure	   of	   a	   primary	  electron	   to	   produce	   secondary	   electrons,	   resulting	   in	   an	   effective	   loss	   of	   the	  original	   photon	   and	   an	   apparent	   time	   dependent	   variation	   in	   point	   intensity.	  Speckle	   can	   be	   reduced	   by	   increasing	   the	   average	   number	   of	   secondary	  electrons	  produced	  upon	  impact	  by	  the	  primary	  electron	  (this	  issue	  will	  be	  the	  focus	  of	  Chapter	  8).	  
	  
3.3.4 Photomultiplication	  applications	  	  
Early	   ‘electric	   eye’	   devices	   to	   detect	   the	   breaking	   of	   beams	   of	   light	   were	  based	  on	  photomultipliers.	  Photomultipliers	   are	   also	  utilised	   in	  many	  medical	  applications	   such	   as	   blood	   analysis	   in	   flow	   cytometers	   by	   determining	   the	  concentrations	   of	   analytes	   in	   blood	   samples.	   An	   image	   intensifier	   can	   be	  combined	  with	  other	   technologies	  such	  as	  scintillators	   to	  enable	   the	  detection	  of	  ionising	  radiation	  (e.g.	  gamma	  rays	  in	  nuclear	  medicine).	  
	  
The	  grade	  of	  MCP	  typically	  dictates	  the	  application	  it	  will	  be	  used	  in.	  Lower	  quality	  MCPs	   are	   sufficient	   for	   Time-­‐of-­‐flight	  mass	   spectrometry,	   residual	   gas	  analysis	  and	  point	  detectors.	  Intermediate	  quality	  MCPs	  can	  be	  used	  in	  low	  cost	  night	   vision	   devices,	   x-­‐ray	   photoelectron	   spectroscopy,	   magnetic	   sector	   mass	  spectrometry	  and	  vacuum	  ultraviolet	   spectrometry.	  The	  highest	  grade	  of	  MCP	  are	  designed	  to	  operate	  in	  applications	  requiring	  maximal	  quality	  such	  as	  night	  vision	   in	   high	   speed	   environments	   (e.g.	   helicopter	   pilots),	   high	   speed	  photography,	  and	  astrophotography.	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3.3.5 Conclusion	  	  
Neurons	  are	  a	  critical	  component	  within	  the	  evolution	  of	  complex	   life,	  and	  from	   an	   electrical	   engineering	   perspective,	   are	   arguably	   the	   most	   interesting	  cells	   to	   study	   and	   interact	  with	   due	   to	   their	   electrical	   basis	   of	   operation.	   The	  current	   state	   of	   the	   art	   of	   neuronal	   biomaterials	   has	   made	   crude	   interfaces	  between	  electronics	  and	  the	  neuron	  possible.	  However	  these	  surfaces	  all	  lack	  in	  true	   long	   term	   biocompatibility,	   which	   raises	   worry	   over	   future	   chronic	  implants.	  Nano	  structured	  diamond	  therefore	  holds	  great	  promise	  in	  improving	  this	  interface.	  
	  
Image	  intensifiers	  haven	  been	  well	  studied	  since	  their	  inception	  due	  to	  their	  inherent	  usefulness	   in	  a	  wide	  range	  of	  applications.	  However	   it	   is	   the	  military	  applications	  of	  night	  vision	  that	  propelled	  research	  into	  image	  intensifiers.	  This	  intensive	  research	  has	  resulted	  in	  some	  spectacular	  gains	  in	  performance	  over	  the	  ~80	  years	  since	  their	  first	  interaction	  of	  the	  design;	  from	  a	  gain	  factor	  of	  8	  to	  1×108.	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4.1 Introduction	  	  
This	   chapter	   provides	   an	   overview	   of	   the	   experimental	   methods	   used	  through	  the	  course	  of	   this	   thesis.	  A	  more	  detailed	  explanation	   is	  given	  when	  a	  characterisation	   technique	   was	   used	   extensively,	   or	   where	   a	   greater	  understanding	   of	   the	   technique	   provides	   greater	   insight	   into	   the	   results	  presented.	  	  
	  
4.2 Nanodiamond	  seeding	  	  	  
4.2.1 On	  flat	  surfaces	  	  	  
Nanodiamond	   (ND)	   can	   be	   deposited	   on	   flat	   surfaces	   using	   a	   number	   of	  different	   routes,	   all	   with	   differing	   strengths	   and	   weaknesses.	   These	   include	  electrostatic	  adhesion	  via	  modified	  ND	  with	  high	  zeta	  potential,1	  electrospray,2	  spin	  coating,3	  and	  electrophoresis.4	  However	  this	  thesis	  will	  focus	  on	  ultrasonic	  deposition,	  within	  which	  there	  are	  a	   few	  alternative	  techniques	  relating	  to	  the	  choice	  of	  the	  liquid	  in	  which	  the	  ND	  is	  dispersed.	  ND	  in	  polyvinyl	  alcohol,5	  ND	  in	  ethanol,6	  and	  ND	  in	  de-­‐ionised	  (D.I.)	  water.7,8	  For	  the	  vast	  majority	  of	  this	  thesis	  ND-­‐water	  colloid	  solution	  was	  used	  due	  to	  the	  simplicity	  in	  preparation,	  storage	  and	   deposition.	   Therefore,	   unless	   otherwise	   stated,	   ND	   seeding	   throughout	   is	  performed	  using	  ND	  dispersed	  in	  D.I.	  water.	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All	  the	  aforementioned	  techniques	  rely	  on	  the	  electrostatic	  attraction	  of	  the	  particles	   to	   the	   surface,	   forming	   complete	   layers	   across	   the	   entirety	   of	   the	  substrate	  exposed	   to	   the	  colloid	  solution.	  The	  seeding	  density	  depends	  on	   the	  initial	   concentration	   of	   ND	   solution,	   the	   disparity	   in	   surface	   charges	   of	   the	  particles	  and	  the	  substrate,	  and	  the	  pH	  of	  the	  solution.9	  
	  
Ultrasonic	  agitation	  increases	  the	  rate	  of	  collision	  between	  particles	  and	  the	  substrate	   and	   provides	   the	   ND	   with	   more	   energy	   to	   help	   overcome	   any	  repulsive	   forces	   present.	   This	   results	   in	   good	   coverage	   of	   substrates	   in	   most	  cases	   with	   a	   high	   seeding	   density,	   ideal	   for	   subsequent	   growth	   of	  nanocrystalline	   diamond	   (NCD)10,11	  although	   a	   large	   surface	   charge	   on	   the	  substrate	  (or	  from	  the	  solution)	  can	  still	  prevent	  the	  majority	  of	  particles	  from	  adhering,	  particularly	  with	  smaller	  ND	  varietes.9	  	  
The	   way	   in	   which	   substrates	   are	   treated	   after	   ultrasonification	   greatly	  affects	   the	   thickness	   of	   the	   deposited	   layer.	   For	   the	   thinnest	   layers	   (i.e.	  monolayers),	   a	   rinse	   in	   deionised	   (D.I)	   water	   with	   mild	   agitation	   (either	  manually	   or	   further	   ultrasonification)	   followed	   by	   drying	   in	   N2	   results	   in	   the	  removal	   of	   particles	   not	   firmly	   adsorbed	   to	   the	   substrate	   through	   Van	   der	  Waals	   forces.7	  For	  thicker	   layers,	  removal	  of	   the	  rinse	  step	  and	  removal	  of	   the	  N2	   dry	   step	   (instead	   allowed	   to	   evaporate)	   results	   in	   progressively	   thicker	  coatings,	  up	  to	  several	  hundred	  nanometres.12	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4.2.2 On	  microchannel	  plates	  	  
Complex	   3D	   structures	   such	   as	   microchannel	   plates	   (MCP,	   sometimes	  referred	   to	   as	   multichannel	   plate)	   can	   be	   coated	   using	   the	   techniques	  mentioned	  in	  section	  4.2.2,	  however	  extra	  care	  is	  required	  due	  to	  their	  fragility	  (e.g.	   plastic	   tweezers	   instead	   of	   metal,	   lower	   flow	   rate	   of	   N2	   during	   drying).	  Additionally,	  the	  effect	  of	  the	  surface	  tension	  of	  water	  must	  be	  considered	  as	  the	  lateral	   dimensions	   of	   the	   channels	   (6µm)	   bring	   water’s	   behaviour	   into	   the	  realm	  of	  microfluidics,	  affecting	  the	  penetration	  of	  ND	  colloid	  into	  the	  channel.	  
	  
4.3 Photolithography	  	  
Photolithography	   has	   long	   been	   the	   pre-­‐eminent	   method	   of	   producing	  patterns	   on	   flat	   substrates.	   Briefly,	   this	   involves	   the	   spin-­‐coating	   of	   a	  photoresist	  layer	  on	  a	  substrate,	  which	  is	  then	  placed	  under	  a	  mask	  bearing	  the	  desired	   pattern.	   UV	   light	   is	   then	   shone	   through	   the	  mask,	   curing	   the	   exposed	  photoresist.	   The	   substrate	   is	   then	   immersed	   in	   developer	   solution	   which	  washes	  away	  any	  soluble	   resist,	   leaving	  a	  patterned	  hard	   layer	  of	  photoresist.	  Depending	  on	  the	  type	  of	  photoresist	  used,	  positive	  or	  negative,	  the	  cured	  resist	  is	  soluble	  or	  insoluble	  respectively	  to	  the	  photoresist	  developer	  (in	  the	  case	  of	  this	   thesis	   a	   negative	   resist,	   AZ	   nLOF	   2020,	   was	   used	   –	   see	   section	   5.2:	  
Patterning).	   The	   remaining	   patterned	   photoresist	   then	   acts	   as	   a	   mask	   for	  subsequent	  processing	  steps	  such	  as	  etches,	  metallisation,	  and	  doping.	  Once	  the	  processing	  step	  is	  complete,	  the	  photoresist	  mask	  is	  removed	  and	  typically	  the	  process	   is	  repeated	  with	  a	  different	  mask	   in	  order	   to	  build	  up	  complex	  planar	  structures.	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4.4 Plasma	  processing	  	  
	  
4.4.1 CVD	  Diamond	  growth	  	  	  
Chemical	   vapour	   deposition	   (CVD)	   diamond	   has	   been	   grown	   since	   the	  1950’s13	  through	  a	  number	  of	  methods;	  Combustion	   flame	  CVD,	  direct	   current	  glow	   discharge,	   direct	   current	   arc	   plasma	   jet,	   hot	   filament	   CVD	   (HFCVD),	  microwave	  plasma	  enhanced	  CVD	  (MPECVD).	  Of	  these,	  HFCVD	  and	  MPECVD	  are	  by	  far	  the	  most	  prevalent13	  and	  therefore	  the	  most	  scientifically	  relevant.	  	  
	  
HFCVD:	  The	  principle	  was	   first	  published	   in	  1982	  by	  Matsumoto	  et	  al.	  and	  practically	  all	  subsequent	  reactor	  processes	  are	  based	  on	  the	  principle	  they	  put	  forward.14	  In	   essence,	   a	   metal	   filament	   (typically	   tungsten	   or	   tantalum)	   is	  heated	  to	  around	  2000˚C	  and	  the	  substrate	  is	  maintained	  between	  700-­‐1000˚C	  in	   vacuum.	   The	   filament	   thermally	   activates	   the	   precursor	   gas	   mixture	   to	  provide	   carbon	   radicals	   for	   diamond	   growth	   and	   atomic	   hydrogen	   for	   the	  etching	   of	   non-­‐diamond	   carbon	   and	   the	   removal	   of	   surface	   bonds	   (see	  figure	  4.3).	   A	   gas	   mixture	   of	   ~1%	  methane	   in	   an	   excess	   of	   hydrogen	   is	   then	  admitted	  -­‐	  1%	  in	  the	  case	  of	  Matsumoto,	  though	  later	  iterations	  would	  use	  0.5-­‐10%	  methane	   in	  order	  to	  stimulate	   lower	  or	  higher	  growth	  rates	  respectively.	  Growth	   rates	   around	   1-­‐10	  µm/h	   are	   commonly	   achieved,15	  although	   several	  factors	  affect	  growth	  rates	  and	  film	  quality:16	  
	  
1. As	   high	   as	   possible	   nucleation	   density	   yields	   continuous	   films,	  practically	   not	   more	   than	   1012	   cm-­‐2,	   best	   achieved	   through	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ultrasonic	  scratching	  of	  the	  surface	  with	  diamond	  grit	  to	  create	  surface	  defects.	  2. A	  temperature	  of	  850˚C	  provides	  the	  greatest	  growth	  rate.	  3. Higher	  filament	  temperature	  results	  in	  higher	  growth	  rates.	  4. Reduced	   distance	   between	   filament	   and	   substrate	   results	   in	  higher	  growth	  rate.	  5. Increasing	  methane	  concentration	  increases	  the	  growth	  rate,	  but	  also	  increases	  the	  inclusion	  of	  non-­‐diamond	  carbon.	  6. Increasing	   gas	   pressure	   increases	   the	   growth	   rate,	   with	   a	  maximum	  at	  100	  mbar.	  
Figure	  4.1	  Schematic	  of	  HFCVD	  reactor.	  Adapted	  from	  [15].	  
	  
Although	   HFCVD	   provides	   a	   simple	   and	   scalable	   method	   of	   growing	  diamond	   films	   over	   a	   large	   area 17 	  and	   on	   complex	   structures, 18 	  a	   major	  drawback	   is	   seen	   in	   the	  contamination	  of	   the	   film	  by	  metal	   from	  the	   filament,	  hence	  limiting	  the	  use	  of	  HFCVD	  diamond	  in	  electrical	  and	  optical	  applications.	  This	   can	   be	   offset	   somewhat	   by	   lower	   filament	   temperatures	   and	   higher	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methane	   concentrations,13	   however,	   this	   sacrifices	   growth	   rates	   and	   phase	  purity	  respectively.	  
	  
MWPECVD:	   First	   demonstrated	   by	   Kamo	   et	   al.	   in	   1983, 19 	  MWPECVD	  provides	   a	   much	   cleaner,	   yet	   more	   costly	   route	   to	   CVD	   diamond	   growth.	  Although	   there	   are	   a	   few	   variants	   in	   the	   basic	   design	   –	   bell	   jar,	   ellipsoid,	   or	  NIRIM	   type	   –	   the	   mechanism	   of	   action	   is	   similar	   between	   them.	   MWPECVD	  relies	   on	   the	   coupling	   of	   microwave	   power	   to	   the	   reactor	   chamber	   through	  careful	  design	  of	  the	  electromagnetic	  cavity.	  The	  microwave	  energy	  is	  directed	  along	  a	  waveguide	  and	   transmitted	   into	   the	  cavity	  via	  a	  quartz	  window	  by	  an	  antenna.	  The	  diameter	  of	  the	  cavity	  results	  in	  only	  one	  microwave	  radial	  mode	  being	   supported	   inside	   the	   chamber	   at	   the	   microwave	   frequency	   used	   -­‐	  typically	   2.45	   GHz,	   chosen	   due	   to	   the	   availability	   of	   components	   (the	   same	  frequency	   of	   operation	   as	   domestic	   magnetrons	   is	   used)	   and	   availability	   of	  spectrum	   at	   this	   frequency.	   Gases	   are	   fed	   into	   the	   cavity	   and	   the	  microwave	  energy	  couples	  energy	   to	   the	  electrons	   in	   the	  gas,	  which	   then	  collide	  with	   the	  gas	   molecules	   causing	   a	   transfer	   of	   energy.	   The	   energy	   directed	   at	   the	   gas	  molecules	   cause	   heating	   and	   dissociation,	   and	   the	   ignition	   of	   a	   plasma	   in	   the	  centre	  of	  the	  cavity	  at	  the	  point	  of	  highest	  electrical	  field	  strength,	  leads	  to	  the	  creation	  of	  diamond	  precursor	   species.20	  The	  pressure	   inside	   the	   cavity,	   along	  with	  the	  microwave	  power	  applied	  determines	  the	  size	  of	   the	  plasma	  ball	  and	  the	   energy	  density	   it	   contains.	   In	   a	   similar	  manner	   to	   the	  HFCVD	   reactor,	   the	  substrate	  temperature	  is	  controlled	  between	  700-­‐1000˚C.	  It	  has	  been	  reported	  that	   the	   diamond	   growth	   rate	   slows	   to	   approximately	   zero	   as	   the	   substrate	  temperature	   approaches	   1200˚C.21	  Advances	   in	   the	   generation	   of	   2.45	   GHz	  microwave	   power	   have	   resulted	   in	   power	   input	   going	   from	   ~1.5	   kW	   in	   the	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1990’s	   up	   to	   8	   kW	   today.22	  Such	   high	   power	   systems	   can	   yield	   growth	   rates	  greater	  than	  10	  µm/h,	  depending	  on	  methane	  concentrations.15	  	  
	  
The	  advantages	  associated	  with	  MWPECVD	  include	  the	  ability	  to	  use	  a	  wide	  mix	  of	  input	  gases,	  allowing	  for	  a	  diverse	  range	  of	  growth	  chemistries	  (although	  CH4/H2	   is	   still	   the	  most	   widely	   used	   and	   is	   the	   chemistry	   used	   in	   all	   growth	  within	   this	   thesis).	   However	   the	   main	   advantage	   associated	   with	   MWPECVD,	  especially	  in	  comparison	  to	  HFCVD,	  is	  the	  purity	  of	  diamond	  the	  technique	  can	  produce,	  and	  hence	  has	  become	  the	  preferred	  method	  of	  growth	  for	  electronic	  applications	  where	  defects	  play	  a	  major	  role	  in	  the	  performance	  of	  the	  material.	  Currently,	   the	   most	   significant	   drawback	   of	   MWPECVD	   lies	   in	   the	   wafer	  uniformity.	  Whilst	  the	  azimuthal	  uniformity	  is	  very	  good,	  radial	  uniformity	  of	  a	  wafer	  grown	  by	  MWPECVD	  is	  usually	  poor.	  However,	  improvements	  have	  been	  made	  where	  uniformity	  of	  ±5%	  was	  achieved	  with	  careful	   substrate	  cooling23,	  alternatively	  post-­‐growth	   chemical-­‐mechanical	   polishing	   can	   flatten	   the	  wafer	  whilst	  reducing	  average	  roughness.24	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Figure	  4.2	  Schematic	  of	  MWPECVD	  reactor.	  Adapted	  from	  [15].	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Figure	   4.3	   Schematic	   of	   the	   reactions	   occurring	   at	   the	   diamond	   surface	  
during	  growth.	  Adapted	  from	  [15].	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Both	   HFCVD	   and	   MWPECVD	   build	   up	   diamond	   in	   a	   stepwise	   fashion.	  Figure	  4.3	   shows	   a	   highly	   simplified	   schematic	   of	   the	   growth	   process	   in	   a	  CH4/H2	   environment.	   Initially,	   atomic	  hydrogen	   causes	   the	   removal	   of	   surface	  groups	   that	   are	   replaced	  with	  methyl	   radicals.	  This	  process	  happens	  again	  on	  the	   adjacent	   site,	   then,	   one	   final	   interaction	   of	   atomic	   hydrogen	   with	   a	   CH3	  surface	   group	   creates	   a	   radical	   which	   then	   reacts	   with	   the	   remaining	   CH3	  surface	  group,	  completing	  the	  addition	  of	  carbon	  into	  the	  lattice.	  
	  
4.4.2 Hydrogen	  termination	  	  
MWPECVD	   reactors,	   when	   operated	   with	   a	   pure	   hydrogen	   plasma,	   have	  three	  useful	  effects:25	  	  
1. Non-­‐diamond	   carbon	   is	   etched	   at	   a	   far	   greater	   rate	   than	  diamond	  (by	  factors	  of	  up	  to	  7700).26	  2. The	  removal	  of	  oxygenated	  functional	  groups	  at	  the	  surface.	  3. A	  sp3	  electron	  configuration	  at	  the	  surface	  is	  re-­‐established.	  	  
Of	   particular	   interest	   here	   is	   the	   fact	   that	   at	   substrate	   temperatures	   over	  700˚C,	  oxygen	  is	  removed	  from	  the	  surface	  and	  replaced	  with	  hydrogen.27	  This	  occurs	  due	  to	  the	  high	  reactivity	  of	  the	  atomic	  hydrogen	  present	  in	  the	  plasma	  breaking	   the	   energetic	   (at	   700˚C+)	   C-­‐O	   bond.	   This	   results	   in	   an	   efficient	  hydrogen	  termination	  of	  the	  diamond	  surface.	  
	  
Other,	   less	   efficient	   routes	   to	   hydrogen	   terminated	   diamond	   include	  cleaving	   in	   a	  hydrogen	  atmosphere,	  mechanical	  polishing	   in	  olive	  oil	   followed	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by	   solvent	   degreasing	   and	   annealing	   in	   a	   hydrogen	   atmosphere. 28 	  Room	  temperature	  exposure	  to	  atomic	  hydrogen	  is	  also	  known	  to	  be	  an	  efficient	  route	  to	  hydrogen	  terminated	  diamond.29	  
	  
Throughout	   this	   thesis,	   both	   hydrogen	   termination	   and	   MPECVD	   growth	  were	   performed	   in	   a	   Seki	   Technotron	   AX5010	   reactor,	   supplied	   by	   a	   1.5	   kW	  magnetron	  (at	  2.45	  GHz).	  
	  
4.5 Ozone	  processing	  	  
Ozone,	  the	  highly	  reactive	  allotrope	  of	  oxygen,	  is	  a	  powerful	  oxidant,	  making	  it	   useful	   in	   the	   functionalisation	   of	   surfaces.	   Ozone	   processing	   has	   been	  previously	   shown	   to	   be	   a	   less	   damaging	   dry	   process	   on	   diamond	   substrates	  than	  radio	  frequency	  reactive	  ion	  etching12	  and	  hence	  was	  the	  natural	  choice	  for	  the	   modification	   of	   diamond	   films.	   An	   additional	   benefit	   was	   reported	   by	  Shenderova	  et	  al.	  in	  2011,	  ozone	  processing	  removes	  a	   large	  proportion	  of	  the	  sp2	  content	  of	  ND	  whilst	  leaving	  the	  diamond	  surface	  intact.30	  	  
	  
For	   the	   purposes	   of	   this	   thesis,	   a	   custom	   made	   ozone	   chamber	   was	  constructed	  and	  attached	   to	   a	   commercially	   available	  ozone	  generation	  unit	   –	  the	  Ozonia	  TOGC2-­‐100201.	  The	  TOGC2	  uses	  corona	  discharge	  to	  create	  up	  to	  4	  g/hr	  with	  dry	  air,	  or	  up	  to	  10	  g/hr	  using	  oxygen.31	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  Schematic	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  Ozone	  treatment	  equipment	  (Ozzie)	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4.6 Fourier	  transform	  infrared	  spectroscopy	  	  
Fourier	   transform	   infrared	   spectroscopy	   (FTIR)	   is	   a	   form	   of	   infrared	  spectroscopy	   that	   uses	   the	   characteristic	   absorption	   spectrum	   from	   a	  broadband	   infrared	   source	   to	   determine	   the	   chemical	   bonds	   present	   (as	  opposed	   to	   the	   use	   of	   successive	   monochromatic	   light	   source	   for	   each	  wavelength	   of	   interest).	   Simply	   put,	   molecular	   bonds	   can	   be	   considered	   as	  simple	   harmonic	   oscillators,	   where	   the	   vibrational	   resonant	   frequency	   is	  determined	  by	  the	  strength	  of	  the	  bond	  and	  the	  mass	  of	  their	  formative	  atoms.	  The	  bonds	  of	  interest	  to	  this	  thesis	  (essentially	  organic	  bonds	  or	  molecules)	  lie	  in	   what	   is	   termed	   the	   ‘fingerprint	   range’	   -­‐	   400-­‐4000	   cm-­‐1	   or	   mid	   infrared	  range32	  -­‐	   and	   hence,	   the	   broadband	   light	   source	   contains	   the	   entirety	   of	   this	  range.	  If	  the	  energy	  of	  the	  incident	  light	  equals	  that	  of	  the	  bond	  then	  it	  will	  be	  absorbed,	   putting	   the	   molecule	   in	   an	   excited	   state.	   Usefully,	   diamond’s	  symmetrical	  and	  rigid	  bonding	  structure	  results	  in	  most	  incident	  infrared	  light	  not	   interacting	   with	   the	   bulk	   material.	   Instead,	   only	   surface	   terminations	  interact,	  making	  FTIR	  a	  useful	   tool	   for	  probing	  the	  surface	   functionalisation	  of	  diamond	  and	  nanodiamond.	  	  
	  
Figure	  4.5	  Schematic	  of	  a	  Michelson	  interferometer.	  Adapted	  from	  [33].	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The	  FTIR	   itself	  uses	  a	  Michelson	   interferometer	   to	  obtain	   combinations	  of	  wavelengths	  by	  moving	  a	  mirror	  to	  change	  the	  effective	  cavity	  length.	  Here,	  the	  reflected	   and	   original	   beams	   constructively	   and	   destructively	   interfere,	  changing	  the	  spectrum	  of	  the	  beam	  (Figure	  4.5).	  The	  beam	  then	  interacts	  with	  the	   material	   being	   investigated,	   with	   some	   wavelengths	   being	   absorbed	   and	  this	   interacts	   with	   the	   detector,	   creating	   a	   data	   set	   of	   light	   intensity	   as	   a	  function	   of	   mirror	   position.	   This	   data	   presented	   graphically	   is	   called	   an	  interferogram	  (Figure	  4.6).	  	   	  
	  
Figure	  4.6	  Example	  of	  an	  interferogram.	  Adapted	  from	  [34]	  
	  
The	   interferogram	   data	   is	   then	   put	   through	   the	   Fourier	   transform	  (specifically	   the	   fast	   Fourier	   transform	   algorithm)	   on	   a	   computer,	   converting	  the	  space	  domain	  information	  into	  the	  frequency	  domain	  –	  usually	  presented	  in	  units	   of	  wavenumber,	   via	   the	   equation	  	   (where	   represents	   the	  wavenumber	  of	  the	  light	  and	  λ	  represents	  the	  wavelength	  of	  the	  light). v =
1
λ
v
(A
.U
)	  
(mm)	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This	  technique	  has	  become	  the	  dominant	  form	  of	  infrared	  spectroscopy	  due	  the	  large	  reduction	  in	  time	  needed	  to	  acquire	  a	  scan.	  This	  increase	  in	  speed	  also	  allows	   for	   repeated	  scans,	  building	  up	  an	  average	  and	   increasing	   the	  signal	   to	  noise	  ratio.	  	  
	  
When	  FTIR	   is	  performed	   in	   a	   lab	   environment,	   a	   scan	   is	   first	   taken	  of	   the	  ambient	  conditions	  in	  order	  to	  subtract	  any	  absorbance	  not	  due	  to	  the	  sample	  being	   investigated.	   In	   this	   case,	   a	   CaF2	   window	   (water	   insoluble	   material,	  transparent	   in	   the	   infrared	   frequency	   region	   above	   1000	   cm-­‐1)35	  was	   first	  scanned	   without	   any	   analyte	   in	   a	   nitrogen	   purged	   atmosphere.	   Scans	   were	  performed	   in	   the	   transmission	   mode,	   where	   the	   magnitude	   of	   absorption	  observed	  at	  each	  peak	  Is	  proportional	  to	  the	  number	  of	  associated	  bonds	  in	  the	  beam’s	   path.	   KBr	   pellets,	   a	   popular	  mount	   for	   powdered	   or	   crushed	   samples	  was	   not	   used	   in	   this	   series	   of	   experiments	   due	   to	   its	   water	   solubility.	   One	  drawback	  in	  the	  use	  of	  FTIR	  on	  ND	  lies	  in	  the	  similarity	  in	  size	  of	  agglomerated	  ND	   particles	   and	   the	   infrared	   wavelengths	   used.	   Therefore	   some	   scattering	  occurs,	   causing	   a	   slope	   in	   the	   baseline,	   erroneously	   indicating	   higher	  absorbance	   with	   wavenumber	   progression.	   Unfortunately,	   the	   refractivity	   of	  carbon	  causes	  an	  opposite	  baseline	  slope.	  Therefore	  there	  is	  a	  requirement	  for	  non-­‐linear	  baseline	  correction	  from	  an	  experienced	  user.	  
	  
For	   the	  work	   contained	   in	   this	   thesis,	   a	   Perkin	   Elmer	   Spectrum	  One	   FTIR	  was	   used	   with	   a	   N2	   purge	   line	   fitted.	   Measurements	   were	   taken	   after	   a	   10	  minute	   N2	   purge	   to	   remove	   adsorbed	   H2O.	   Measurements	   were	   taken	   and	  averaged	  for	  10	  minutes	  with	  a	  resolution	  of	  4	  cm-­‐1.	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4.7 Atomic	  force	  microscopy	  	  
Atomic	  force	  microscopy	  (AFM)	  was	  a	  technique	  developed	  to	  overcome	  the	  limitation	  of	  the	  scanning	  tunnelling	  microscope	  –	  namely	  the	  requirement	  that	  the	  investigated	  object	  must	  be	  of	  conducting	  or	  semiconducting	  material.	  The	  first	  commercially	  available	  AFM	  system	  (along	  with	  the	  first	  published	  account	  of	   its	  operation)	  came	  in	  1986,	  out	  of	  research	  at	  IBM	  and	  Stanford	  University	  by	  Binning,	  Quate	  and	  Gerber.36	  	  
	  
The	  principle	  of	  operation	  relies	  on	  an	  atomically	  sharp	  tip	  (typically	  made	  from	   silicon	   or	   silicon	   nitride)	   formed	   on	   the	   underside	   of	   a	   cantilever.	  Piezoelectric	  motors	  drag	  the	  tip	  over	  (or	  just	  above,	  see	  below)	  the	  surface	  in	  a	  raster	   pattern.	   	   Feedback	   circuits	   then	   maintain	   a	   constant	   height	   or	   force	  depending	  on	  what	  data	  is	  required	  -­‐	  force	  or	  height	  respectively.	  The	  top	  side	  of	  the	  cantilever	  reflects	  a	  laser	  towards	  the	  centre	  of	  four	  photodiodes	  where	  an	  increase	  in	  the	  detected	  light	  in	  any	  of	  the	  four	  photodiodes	  is	  translated	  into	  positional	  data	  through	  the	  control	  software.	  
	  
There	  exist	  two	  main	  modes	  of	  AFM	  operation,	  static	  (or	  contact)	  mode	  and	  dynamic	   (or	   tapping)	   mode.	   Within	   contact	   mode,	   there	   are	   two	   varieties.	  Variable	   force	   imaging	  where	   the	   tip’s	  height	   above	   the	   surface	   is	  maintained	  and	  the	  deflection	  of	  the	  cantilever	  is	  translated	  into	  the	  topography,	  however,	  this	  is	  only	  suitable	  for	  very	  flat	  surfaces	  as	  larger	  features	  are	  likely	  to	  snap	  the	  tip.	   Constant	   force	   imaging	   varies	   the	   height	   of	   the	   tip	   so	   as	   to	   maintain	   a	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constant	   force	   on	   the	   cantilever.	   This	   data	   can	   then	   be	   translated	   into	  topography.	   This	   mode	   is	   more	   suitable	   to	   probe	   medium	   to	   low	   roughness	  substrates.	  Dynamic	  mode	  operation	  sees	  the	  tip	  oscillate	  at	  or	  near	  its	  resonant	  frequency,	  where	  the	  dampening	  of	  the	  oscillation	  (by	  electrostatic	  or	  Van	  der	  Waals	  forces)	  is	  translated	  into	  topographical	  information.	  Dynamic	  mode	  is	  the	  preferred	  method	  for	  both	  high	  roughness	  and	  high	  hardness	  substrates	  (in	  our	  case,	  diamond	  and	  ND),	   the	   latter	  being	  due	  to	  rapid	  tip	  wear	  through	  contact	  between	   the	   relatively	   soft	   silicon	   tip	   and	   diamond	   particles,	   resulting	   in	  reduced	   image	  quality.	  Additionally,	   dynamic	  mode	   reduces	   the	  occurrence	  of	  loose	  particles	  from	  the	  scanned	  surface	  (e.g.	  nanodiamond)	  attaching	  to	  the	  tip,	  causing	   tip	   artefacts	   (erroneous	   reoccurring	   shapes	   in	   the	   AFM	   image),	   or	  simply	   being	   pushed	   around	   by	   the	   tip.	   When	   imaging	   nanoparticles	   with	  lateral	   dimensions	   significantly	   smaller	   than	   the	   tip	   radius,	   their	   lateral	  dimensions	   are	   overestimated	   due	   to	   tip	   convolution,	   however	   the	   vertical	  dimension	   is	   unaffected	   and	   is	   therefore	   used	   for	   estimating	   particle	   size	  (Figure	  4.7).37	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Figure	  4.7	  Schematic	  of	  AFM	  tip	  convolution	  causing	  lateral	  dimension	  overestimation.	  
Adapted	  from	  [37].	  
	  
The	  AFM	  used	  throughout	  the	  course	  of	  this	  thesis	  was	  a	  NanoScope	  V	  (7.0)	  controlled	   Dimension	   V	   Scanning	   Probe	   Microscope,	   equipped	   with	   an	   XYZ	  Hybrid	   scanner,	   using	   aluminium	   coated	   silicon	   AFM	   probes	   (resonant	  frequency	   ~190	   kHz).	   The	   system	  was	   operated	   exclusively	   in	   tapping	  mode	  with	   a	   VT-­‐103-­‐3K	   Acoustic/Vibration	   Isolation	   system	   and	   the	   VT-­‐102	  Vibration	  Isolation	  table.	  All	  measurements	  were	  performed	  in	  lab	  air	  at	  room	  temperature.	  	  	  
	  
4.8 Raman	  spectroscopy	  	  
Raman	  spectroscopy	  is	  based	  on	  the	  phenomena	  of	  Raman	  scattering.	  Here,	  when	   a	   photon	   interacts	   with	   the	   electron	   cloud	   or	   bonds	   of	   a	   molecule,	   it	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generally	  undergoes	  Rayleigh	  (or	  elastic)	  scattering.	  However,	  a	  small	   fraction	  of	   the	   light	   –	   around	  1	   in	   each	   10	  million	   interactions	   –	   is	   scattered	  with	   the	  resultant	  photon	  being	  of	  a	  different	  frequency.38	  The	  incoming	  light	  excites	  the	  molecule	  from	  its	  ground	  state	  to	  a	  virtual	  energy	  state.	  The	  shift	  in	  frequency	  is	  caused	  by	  the	  relaxation	  of	  the	  molecule	  back	  to	  a	  second	  differing	  vibrational	  energy	   state,	   emitting	  a	  photon	  of	   energy	  equal	   to	   the	  difference	  between	   the	  virtual	  and	  second	  vibrational	  energy	  states.	  In	  a	  standard	  experimental	  setup,	  laser	   light	   is	   directed	   at	   the	   substrate	   (via	   an	   optical	   microscope	   to	   aid	  positioning	   and	   focusing)	   and	   the	   scattered	   light	   is	   filtered	   from	   the	   original	  laser	  wavelength,	  leaving	  only	  the	  scattered	  wavelengths	  of	  light.	  The	  remaining	  light	   is	   then	  analysed	  with	  a	   spectrometer	   (or	   alternatively	   a	  monochromator	  used	  in	  conjunction	  with	  a	  photodiode	  array),	  yielding	  information	  presented	  as	  signal	  intensity	  as	  a	  function	  of	  wavenumber.	  	  
	  
Raman	  spectroscopy	  was	  used	  on	  diamond	  films	  grown	  in	  the	  course	  of	  this	  thesis	   due	   to	   the	   inherent	   compatibility	   of	   the	   technique	  with	   diamond	   films	  supported	  by	  opaque	  substrates.	  It	  has	  been	  noted	  in	  section	  4.6	  that	  FTIR	  is	  a	  very	   useful	   technique,	   yielding	   similar	   but	   complementary	   information	   to	  Raman	  spectroscopy.	  However,	  the	  Raman	  system	  available	  for	  use	  is	  required	  to	   function	   in	   transmission	   mode	   (attenuated	   total	   reflectance	   FTIR	   was	   not	  available)	   which	   is	   not	   compatible	   with	   diamond	   on	   silicon.	   The	   decisive	  advantage	  of	  Raman	  spectroscopy	  over	  FTIR	  is	  seen	  in	  its	  ability	  to	  distinguish	  between	  sp2	  and	  sp3	  phases	  of	  carbon,	  thus	  quantifying	  their	  relative	  abundance	  in	  a	  sample,	  and	  hence	  the	  quality	  of	  a	  grown	  diamond	  film.	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Raman	   spectroscopy	   was	   performed	   on	   a	   Renishaw	   Invia	   Raman	  spectrometer	  with	   a	  Modu-­‐Laster	   argon	   ion	   laser	   of	  wavelength	   of	   514.5	   nm.	  Data	  acquisition	  was	  performed	  by	  WiRE	  (v	  2.0)	  software.	  
	  
4.9 Scanning	  electron	  microscope	  	  
The	   scanning	   electron	   microscope	   was	   developed	   to	   overcome	   the	  fundamental	  limitation	  of	  the	  optical	  microscope	  –	  resolution	  finer	  than	  that	  of	  the	  wavelength	  of	   light	  used.	  Over	   time,	   improvements	   to	   the	   resolution	   limit	  have	  seen	  a	  drop	  to	  0.4	  nm	  at	  30	  kV.39	  Additionally,	  the	  depth	  of	  field	  resolution	  was	   improved	  dramatically	  by	  a	   factor	  of	   roughly	  300	  over	   traditional	  optical	  microscopes.40	  Finally,	   the	  very	   large	  range	  of	  magnification	  and	  varieties	  of	  electron	   detection	   allow	   for	   the	   observation	   of	   external	   morphology,	  crystalline	  structure,	  and	  chemical	  composition	  for	  the	  material	  investigated.	  
	  
The	   electron	   beam	   was	   originally	   generated	   via	   field	   enhanced	  thermionic	  emission	  (the	  Schottky	  effect)	  at	  the	  electron	  gun,	  however	  more	  modern	   systems	   make	   use	   of	   cold-­‐cathode	   field	   emission	   which	   have	   the	  advantage	  of	  high	  brightness	  (up	  to	  1000	  times	  higher)	  and	  stability.41	  The	  electron	   beam	   is	   accelerated	   into	   the	   column	   (in	   the	   z-­‐axis,	   at	   energies	  ranging	   from	   0.2-­‐40	   kV),	   after	   which	   its	   diameter	   is	   narrowed	   by	   spray	  apertures.	  The	  narrowed	  beam	  is	   then	  focused	  using	  condenser	   lenses	  and	  given	   x-­‐	   or	   y-­‐axis	   direction	   by	   scanning	   coils	   (or	   by	   deflector	   plates).	   The	  electron	  beam	  then	   interacts	  with	   the	  surface	  of	   the	  sample	  causing	  either	  high	  energy	  electrons	   to	  be	  backscattered,	  Auger	  electrons	  of	   intermediate	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energy,	   lower	   energy	   secondary	   electron	   emission	   or	   the	   emission	   of	  electromagnetic	  radiation	  (both	  visible	   light	  and	  x-­‐ray).	  The	  most	  common	  mode	   of	   imaging	   is	   through	   the	   secondary	   electron	   detector,	   where	   a	  positive	  bias	   (circa	  +400	  V)	  attracts	   low	  energy	   secondary	  electrons	   (5-­‐50	  eV)	   that	   largely	   emerge	   from	   the	   first	   few	   nanometres	   of	   the	   sample’s	  surface	   and	   can	   be	   used	   to	   analyse	   surface	   morphology	   and	   in	   the	  determination	   of	   particle	   size	   (aided	   by	   the	   characteristic	   large	   depth	   of	  field).	  The	  backscattered	  electron	  detector	  is	  the	  next	  most	  common.	  Placed	  in	   line	   with	   the	   electron	   beam	   encompassing	   it	   in	   a	   toroidal	   shape,	   it	  captures	  electrons	  of	  energy	  range	  50eV	  up	  to	  slightly	  lower	  than	  the	  beam	  energy	   that	  have	   interacted	  with	   the	   top	  micron	  of	  material	   in	   the	  sample.	  Heavier	   elements	   backscatter	   electrons	  more	   effectively	   and	   can	   therefore	  be	  used	  to	  distinguish	  areas	  with	  different	  chemical	  compositions,	  however,	  the	  resolution	  of	  such	   images	   is	  generally	   lower.	  The	  raster	  of	   the	  primary	  beam	   allows	   the	   system	   to	   correlate	   flux	   of	   electrons	   with	   beam	   position	  and	   hence	   the	   system	   displays	   an	   image	   (or	   video)	   in	   real-­‐time	   of	   the	  surface.	  
	  
The	  Scanning	  Electron	  Microscope	  used	  in	  the	  course	  of	  this	  thesis	  was	  a	  JOEL	   JSM	   7401F	   Field	   Emission	   Scanning	   Electron	   Microscope	   of	   cold	  cathode	  type	  –	  rated	  to	  achieve	  resolution	  of	  1	  nm	  at	  15	  kV	  and	  2.2	  nm	  at	  1	  kV	  with	   electron	   acceleration	   of	   0.1	   to	   30	   kV.42	  The	   system	  was	   generally	  operated	   in	   secondary	   electron	   imaging	   mode	   (SEI)	   although	   for	   samples	  that	   exhibited	   higher	   degrees	   of	   charging,	   The	   lower	   electron	   image	   (LEI)	  mode	  was	   used.	   Samples	  were	   adhered	   to	   the	   stage	  with	   SEM	   compatible	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conductive	   tape.	   Samples	   proving	   particularly	   prone	   to	   charging	   were	  coated	  in	  an	  ultrathin	  layer	  of	  sputtered	  carbon.	  
	  
4.10 Impedance	  spectroscopy	  	  
Impedance	   spectroscopy	   (IS)	   is	   a	   technique	   well	   suited	   to	   the	  characterisation	   of	  mobile	   or	   immobile	   charges	   in	   bulk	   or	   interfacial	   areas	   of	  polycrystalline	   materials,43	  Indeed	   it	   has	   the	   highly	   useful	   property	   of	   being	  able	   to	   discern	   the	   individual	   contributions	   of	   each	   conduction	   mechanism.	  
	  
	  
Z	  =	  R1	  
Z	   =	  R2	  Z	   =	  jωC	  Z	   =	  jωC	  Figure	  4.8	  Top:	  Idealised	  IS	  data	  plotted	  as	  a	  single	  perspective	  plot	  of	  the	  impedance	  
response	   showing	  associations	  between	  Bode,	   Cole-­‐Cole	   and	  Z”	   vs.	   log(ω).	  Adapted	   from	  
[37].	  Bottom:	  Modelled	  RC	  equivalent	  circuit.	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Therefore	   IS	   forms	  a	  sizable	  part	  of	   the	  experimental	  results	  contained	   in	   this	  thesis.	  IS	  is	  also	  widely	  used	  in	  the	  study	  of	  liquids,	  semiconductors,	  ionic	  solids	  and	  mixtures	  thereof.44	  	  
	  
Here,	  a	  sinusoidal	  AC	  input	  voltage	  is	  applied	  at	  a	  range	  of	  frequencies	  and	  the	  magnitude	  and	  phase	  of	  the	  resultant	  current	  is	  measured.	  An	  equally	  valid	  approach	   would	   be	   applying	   an	   AC	   current	   input	   and	   measuring	   the	   output	  voltage,	  however	  this	   introduces	  significantly	  more	  difficult	   instrument	  design	  and	   therefore	   does	   not	   see	   major	   use	   commercially.	   Modelling	   can	   be	  performed	  on	  the	  impedance	  data	  to	  produce	  an	  equivalent	  circuit.	  This	  can	  be	  achieved	  by	   first	   considering	   the	   complex	   impedance	  of	   the	   equivalent	   circuit	  shown	  in	  Figure	  4.8:	  	  
	   	   	   	   	  (4.1)	  
where	  ω	  is	  the	  angular	  frequency	   .	  
Rearranging	  equation	  (4.1)	  gives:	  
	   	   	   	   	   (4.2)	  
Finally,	  splitting	  of	  the	  real	  and	  imaginary	  part	  gives:	  
	   	   	   (4.3)	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Calculating	  for	  the	  limits	  of	  ω	  where:	  
For	  	   	  
When	  	   	  
Simply	  put,	  at	  low	  frequency,	  current	  is	  blocked	  by	  the	  capacitor	  and	  flows	  through	   R1	   and	   R2,	   whereas	   at	   high	   frequency,	   the	   capacitor	   acts	   as	   a	   short	  circuit	   and	   current	   flows	   only	   through	   R1.	   At	   intermediate	   frequency,	   the	  impedance	  is	  some	  combination	  of	  the	  two.	  The	  semi-­‐circle	  taken	  from	  the	  Cole-­‐Cole	  (Figure	  4.8)	  plot	  takes	  the	  form	  of	  the	  following	  equation:	  
	   	   	   (4.4)	  
Equation	   4.4	   is	   of	   the	   form	   of	   a	   complex	   circle	   of	   radius	   	   and	   its	  centre	   at	  	  	  	  	  	  	  	  	  	  	  	  	  	   All	  real	  world	  measurements	  use	  values	  greater	  than	  zero	  for	  ω,	  R1,	  and	  R2,	  therefore	  the	  plot	  of	  real	  vs.	  imaginary	  impedances	  (Cole-­‐Cole	  plot	   -­‐	   Figure	  4.8)	   yields	   a	   semi-­‐circle	  when	  both	   capacitive	   and	   resistant	  components	   are	   present.	   Hence,	   by	   fitting	   semicircles	   to	   the	   Cole-­‐Cole	   plot,	  values	  of	   the	  equivalent	  circuit	  components	  R1,	  R2	   can	  be	   found	  (assuming	  the	  frequency	   range	   used	   is	   sufficient).	   To	   calculate	   the	   value	   of	   the	   final	  component,	  the	  capacitor	  C,	  the	  condition	  at	  the	  peak	  of	  the	  plot	  of	  Z”	  vs.	  log(ω)	  is	  taken:45	  
	  	  	   	   	   	   	   (4.5)	  
Rearranging	  to	  give:	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   (4.6)	  
Hence,	   knowing	   fmax	  and	  R2	   the	   value	   of	  C	   can	  be	   found.	   Similarly,	  when	   a	  Cole-­‐Cole	   plot	   contains	   more	   than	   one	   semi-­‐circular	   response,	   which	  corresponds	   to	   more	   than	   one	   conduction	   path	   through	   the	   material	   being	  investigated,	  each	  conduction	  path’s	  R	  and	  C	  values	  can	  be	  calculated.	  
	  
To	  relate	  the	  R	  and	  C	  values	  to	  actual	  structures	  within	  the	  polycrystalline	  material	   being	   investigated,	   a	   physical	   model	   of	   the	   grain	   interior,	   grain	  boundary	   and	   electrodes	   is	   required.	   The	   most	   widely	   used	   (and	   successful)	  model	  treats	  the	  structure	  as	  an	  array	  of	  cubic	  shaped	  grains	  of	  volume	  d3,	  with	  flat	   boundaries	   between	   the	   grains	   of	   thickness	   δ. 46 	  Assuming	   a	   one	  dimensional	   current	   flow	   (ignoring	   grain	   corner	   contributions),	   two	   current	  paths	  are	  available;	  through	  the	  grain	  interior	  and	  across	  the	  grain	  boundary,	  or	  purely	  along	  grain	  boundaries.	  The	  relative	  magnitudes	  of	   the	  grain	  and	  grain	  boundary	   conductivity	   will	   dictate	   which	   conduction	   path	   will	   dominate.	   It	  should	  be	  noted	  that	  this	  model	  has	  been	  successfully	  applied	  to	  a	  wide	  range	  of	  materials,	   showing	   the	  bulk	   resistivity	  and	   the	  grain	  boundary	  resistivity	  may	  have	  differing	  responses.47	  
	  
The	   capacitance	   of	   the	   grain	   interior	   and	   the	   grain	   boundary	   can	   be	  calculated	  using	  the	  standard	  formula	  for	  a	  parallel	  plate	  capacitor:	  
	   	   	   	   	   	   (4.7)	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Where	   A	   is	   the	   cross	   sectional	   area,	   L	   is	   the	   distance	   between	  plates,	   	  is	   the	   permittivity	   of	   free	   space	   (8.854	   ×	   10-­‐12	   F/m),	   and	   	  
is	  the	  relative	  static	  permittivity	  of	  the	  dielectric.	  Hence	  the	  capacitance	  of	  the	  grain	  interior	  becomes:	  
	   	   	   	   	   	   (4.8)	  
The	  capacitance	  of	  the	  grain	  boundaries	  then	  becomes:	  
	   	   	   	   	   	   (4.9)	  
By	  taking	  representative	  values	  of	  A	  (~10	  mm2),	  L	  (~1	  mm),	  and	  εgi	  (5.7	  for	  
pure	  diamond)	  Cgi	  is	  found	  to	  be	  approximately	  0.5	  pF.	  Assuming	  the	  εgb	  is	  the	  
same	  order	  of	  magnitude	  as	  εgi48	  (although	  it	  is	  likely	  to	  be	  slightly	  higher)	  and	  the	  same	  values	  of	  A	  and	  L,	  and	  setting	  δ	  (~1nm)	  and	  d	  (1	  µm),	  	  Cgb	  is	  estimated	  to	  be	  approximately	  0.5	  nF.	  
	  
The	   activation	   energy	   (Ea)	   of	   conduction	   paths	   can	   be	   calculated	   if	   IS	   is	  repeated	  at	  a	  range	  of	   temperatures,	  where	  R	   is	   the	  extracted	  value	  of	  R2,	  T	   is	  the	  temperature	  of	  measurement,	  kB	  is	  the	  Boltzmann	  constant	  in	  units	  of	  J	  K-­‐1,	  and	  q	  is	  the	  elementary	  electron	  charge:	  
	   	   	   	   	   (4.10)	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The	   system	   used	   throughout	   this	   thesis	   was	   a	   Solartron	   1260	  Impedance/Gain-­‐phase	   Analyser	   connected	   in	   series	   with	   a	   Solartron	   1296A	  Dielectric	  interface	  system	  for	  high	  impedance	  measurements.	  Probes	  were	  set	  up	  on	  top	  of	  a	  ceramic	  heater,	  inside	  a	  stainless	  steel	  vacuum	  chamber	  in	  order	  to	  provide	  control	  of	  the	  atmospheric	  and	  electromagnetic	  environment	  inside	  the	   chamber	   (Figure	   4.9).	   It	   is	   important	   to	   note	   however,	   that	   the	   vacuum	  chamber	   can	   only	   achieve	   low	   (or	   rough)	   vacuum,	   ca.	   10-­‐2	   -­‐10-­‐3	   mbar.	  Measurements	  were	  taken	  between	  0.1	  and	  107	  Hz	  (the	  full	  range	  of	  the	  system)	  using	  as	   low	  an	  applied	  voltage	  as	  possible	  to	  prevent	  electrical	  breakdown	  of	  the	  sample,	  in	  order	  to	  yield	  a	  reasonable	  signal	  to	  noise	  ratio.	  
4.11 Secondary	  electron	  emission	  	  	  
Secondary	   electron	   emission	   (SEE)	   is	   a	   phenomena	   observed	   when	  energetic	   particles,	   usually	   charged	   particles	   (electrons	   or	   ions),	   strike	   the	  surface	   of	   a	  material	   with	   sufficient	   energy	   to	   induce	   the	   emission	   of	   one	   or	  more	  secondary	  electrons,	  this	   is	  known	  as	  impact	   ionisation.	  For	  the	  purpose	  of	  this	  thesis	  only	  electron	  induced	  SEE	  will	  be	  considered.	  Figure	  4.10	  depicts	  
Figure	  4.9	  Left:	  Impedance	  spectroscopy	  chamber	  showing	  electrical	  connections.	  Right:	  Probes	  and	  
ceramic	  heater	  assembly	  inside	  chamber.	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the	  process	  of	  generation	  and	  emission:	  (1)	  The	   incident	  electron	  will	  excite	  a	  valence	  electron	   into	   the	   conduction	  band,	   losing	   some	  energy	   in	   the	  process.	  (2)	  The	  generated	  secondary	  electron	  will	  then	  travel	  through	  the	  material	  until	  it	  reaches	  an	  obstacle	  -­‐	  another	  electron,	  a	  phonon,	  an	  impurity,	  a	  defect	  or	  the	  surface.	   (3)	   Upon	   reaching	   the	   surface	   the	   electron	   will	   be	   emitted	   or	  inelastically	   scattered,	   depending	   on	   the	   energy	   of	   the	   electron	   and	   the	  magnitude	  of	  the	  vacuum	  barrier	  it	  encounters.	  If	  the	  energy	  is	  sufficient	  (or	  the	  barrier	   is	   low	  or	  negative	  –	  see	  below)	   then	  the	  electron	  will	  be	  emitted	   from	  the	  surface.	  	  
	  
Figure	  4.10	  Model	  of	  secondary	  electron	  generation	  and	  emission.	  Adapted	  from	  [49]	  
	  
The	  electronic	  state	  of	  the	  surface	  is	  of	  great	  importance	  to	  the	  emission	  of	  electrons	  to	  vacuum.	  The	  electronic	  state	  is	  set	  by	  a	  combination	  of	  the	  origin	  of	  atomic	   energy	   levels	   and	   more	   importantly	   the	   surface	   dipole	   -­‐	   set	   by	   the	  physical	   state	   of	   the	   surface	   (i.e.	   defects)	   and	   by	   surface	   terminations.	   This	  surface	  state	  is	  known	  as	  the	  electron	  affinity.	  Electron	  affinity	  (χ)	  is	  defined	  as	  the	  energy	  needed	  to	  take	  an	  electron	  from	  the	  conduction	  band	  minimum	  (Ec)	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to	   the	   vacuum	   level	   (Evac).	   Within	   this	   there	   are	   essentially	   three	   distinct	  schemes	  (Figure	  4.11).	  	  
	  
Figure	   4.11	   Band	   diagram	   of	   three	   modes	   of	   electron	   affinity.	   (a)	   Positive	   electron	  
affinity	  (b)	  Effective	  negative	  electron	  affinity	  (c)	  True	  negative	  electron	  affinity.	  Adapted	  
from	  [12]	  	  
	  
Figure	   4.11(a)	   shows	   the	   typical	   scenario	   for	   a	   semiconductor	   -­‐	   including	  oxygen	  terminated	  and	  bare	  (111)	  diamond	  surfaces.50	  Here,	  there	  is	  a	  positive	  electron	  affinity	  (PEA),	  thus	  presenting	  a	  potential	  barrier	  to	  electron	  emission.	  PEA	  combined	  with	  band	  bending	  at	   the	  surface	   is	  depicted	   in	  Figure	  4.11(b).	  This	   is	   caused	   by	   a	   positive	   dipole	   at	   the	   surface,	   resulting	   in	   an	   effective	  negative	   electron	   affinity	   (χeff).	   As	   long	   as	   the	   band	   bending	   region	   is	   thin	  enough,	   electrons	   can	   arrive	   at	   the	   surface	   with	   energy	   higher	   than	   Evac	   and	  thus	  be	  emitted.51	  This	  is	  the	  scenario	  created	  by	  partial	  hydrogen	  termination	  of	   the	   diamond	   surface,52	  where	   a	   greater	   degree	   of	   hydrogen	   termination	  results	  in	  stronger	  band	  bending.53	  The	  final	  example,	  Figure	  4.11(c)	  shows	  true	  negative	   electron	   affinity	   (NEA),	   here,	   Ec	   is	   above	   Evac,	   therefore	   there	   is	   no	  potential	  barrier	  for	  an	  electron	  at	  the	  bottom	  of	  Ec.	  It	  has	  been	  suggested	  that	  fully	   hydrogen	   terminated	   diamond	   surfaces	   are	   true	   NEA,28,52	   Cesium	   oxide	  terminated	   diamond	   has	   also	   been	   shown	   to	   give	   sufficient	   band	   bending	   to	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force	   Evac	   below	   Ec,	   creating	   a	   metal-­‐like	   surface	   and	   lowering	   the	  workfunction.54	  
	  
Where	   there	   is	   more	   than	   one	   secondary	   electron	   emitted,	   the	   ratio	   of	  secondary	   electrons	   per	   incident	   electron	   (known	   as	   the	   primary	   electron)	   is	  described	   as	   the	   secondary	   electron	   yield	   (SEY).	   The	   SEY	   of	   any	   material	   is	  largely	  a	  function	  of	  the	  primary	  electron	  energy,	  labeled	  Eb.	  Here,	  as	  the	  beam	  energy	   is	   increased,	   the	   number	   of	   impact	   ionisation	   events	   increases	   as	   the	  beam	   gains	   enough	   energy	   to	   penetrate	   further	   into	   the	  material,	   interacting	  with	  more	  possible	  ionisation	  sites,	  generating	  electrons	  at	  greater	  depths	  (Dg).	  The	  quantity	   of	   generated	   electrons	   reaching	   the	   surface	   is	  moderated	  by	   the	  electron	  escape	  depth	  (Desc).	  Desc	  is	  an	  intrinsic	  property	  of	  a	  material	  defined	  as	  the	   mean	   depth	   than	   an	   electron	   can	   reach	   the	   surface	   without	   first	   either	  losing	  its	  energy	  to	  inelastic	  scattering,	  recombining	  with	  a	  hole,	  or	  falling	  into	  a	  trap	  state	  (Desc	  is	  closely	  related	  to	  the	  inelastic	  mean	  free	  path	  of	  an	  electron)	  and	  hence,	  limits	  the	  depth	  at	  which	  generated	  electrons	  can	  usefully	  add	  to	  the	  SEY.	   	  SEY	  curves	  have	  a	  characteristic	  shape,	  defined	  by	  Dg,	  Desc	  and	  Eb	  (Figure	  4.12):	  
(1)	  The	  first	  region	  with	  low	  values	  of	  Eb	  where	  Dg	  <	  Desc.	  
(2)	  At	  higher	  Eb,	  where	  Dg	  ~	  Desc	  resulting	  in	  a	  maximal	  SEY.	  
100	  	  
(3)	   The	   final	   region	   at	   the	   highest	   values	   of	   Eb,	   where	   Dg	   >	   Desc,	   where	  increasing	  numbers	  of	  secondary	  electrons	  are	  reabsorbed	  causing	  the	  tapering	  off	  of	  the	  SEY.	  
	  
Figure	   4.12	   Left:	   Typical	   SEY	   curve	   taken	   from	   BeO	   with	   three	   distinct	   emission	  
regimes.	  Right:	  Schematic	  of	  the	  three	  emission	  regimes’	  penetration	  depth.	  Adapted	  	  from	  
[55].	  	  	  
	  
SEE	   experiments	   were	   performed	   in	   a	   custom	   built	   vacuum	   chamber,	  utilising	   a	   Kimball	   Physics	   EGG-­‐301	   electron	   gun	   as	   the	   electron	   source,	   a	  Keithley	  487	  voltage	  source,	  and	  a	  Keithley	  6485	  picoammeter	  (Figure	  4.13).	  
101	  	  
	  
Figure	  4.13	  Schematic	  of	  secondary	  electron	  emission,	  showing	  arrangement	  
	  of	  electron	  gun,	  bias	  source,	  and	  ammeter.	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4.12 Conclusion	  	  
This	  chapter	  has	  reviewed	  the	  theoretical	  background	  and	  state	  of	  the	  art	  of	  the	  various	  experimental	  methods	  used	  throughout	  this	  thesis,	  with	  particular	  emphasis	  on	  impedance	  spectroscopy,	  diamond	  growth	  and	  secondary	  electron	  emission	  due	  to	  their	  central	  importance	  to	  the	  coming	  experimental	  chapters.	  Additionally,	   the	   equipment	   used	   in	   each	   instance	   was	   detailed,	   to	   provide	  insight	  into	  the	  limits	  of	  the	  equipment	  when	  making	  measurements	  later	  in	  the	  thesis.	  This	  chapter	  also	  highlights	  the	  range	  of	  origins	  of	  the	  equipment	  used	  –	  from	  off	   the	  shelf	  pre-­‐built	   systems	  (e.g.	  AFM)	   to	  bespoke	  home	  built	   systems	  (e.g.	  SEE),	  and	  combinations	  thereof	  (e.g.	  MVPECVD).	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5.1. Introduction	  
	  
One	  of	  the	  most	  difficult	  cell	  types	  to	  support,	  both	   in	  vitro	  and	   in	  vivo,	  are	  neurons.1	  This	   is	   due	   to	   the	   high	   degree	   of	   specialisation	   and	   the	   largely	  separate	   immune	  system	  seen	  behind	   the	  blood-­‐brain	  barrier	  which	  sees	  glial	  cells	   indiscriminately	   invoking	   the	   foreign	   body	   response,2	  resulting	   in	   gliosis	  (the	   appearance	   of	   glial	   scarring	   –	   an	   indication	   of	   damaged	   neuronal	   tissue,	  which	  prevents	   axonal	   extensions).3	  Currently,	   biomaterials	   for	   in	  vitro	   and	   in	  
vivo	   studies	   of	   neuronal	   cells	   have	  differing,	   if	   converging,	   figures	   of	  merit.	   In	  
vitro	  is	  slightly	  less	  demanding	  in	  that	  it	  only	  requires	  conditions	  amenable	  for	  protein	   adsorption	   in	   the	   first	   instance,	   then	   subsequent	   facilitation	   of	   cell	  attachment.	  Protein	  adsorption	  is	  strongly	  affected	  by	  the	  nanoscale	  topological	  structure4	  and	   the	   surface	   chemistry	   it	   is	   in	   contact	   with.5	  Here,	   cell	   survival	  rate,	   neurite	   extension,	   and	   fasciculation	   (arrangement	   in	   bundles)	   are	   of	   key	  importance	  as	  the	  focus	  of	  in	  vitro	  studies	  is	  usually	  on	  promoting	  and	  retaining	  cell	   networks.	   In	   vivo	   studies,	   in	   addition	   to	   the	   aforementioned	   factors	  determining	  a	  biomaterial’s	  utility,	   are	  also	  concerned	  with	  gliosis	   (where	   the	  scarring	   electrically	   insulates	   the	   device	   from	   the	   neuronal	   tissue,	   rendering	  any	  implant	  useless)6,7	  and	  healing	  reactions	  to	  the	  implanted	  biomaterial.8	  This	  long	   list	   of	   requirements	   for	   biocompatibility	   with	   neurons	   restricts	   the	  materials	   that	   are	   suitable	   considerably	   and	   therefore	   research	   into	   new	  biocompatible	  substrates	  is	  required	  to	  push	  the	  field	  of	  neuronal	  biomaterials	  from	  its	  early	  stages	  to	  greater	  development.	  
	  
This	   work	   builds	   on	   previous	   studies	   showing	   continuous	   diamond	   thin	  films	   being	   able	   to	   support	   neural	   cells	   for	   up	   to	   8	   days	   in	   vitro	   (DIV8,	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approximately	  the	  point	  at	  which	  a	  cell	  culture	  is	  defined	  as	  being	  mature)9	  on	  single	   crystal, 10 	  polycrystalline,	   and	   nanocrystalline	   diamond	   (NCD). 11	  Detonation	  nanodiamond	  (DND)	  monolayers	  have	  also	  been	  previously	  shown	  to	  be	  a	  highly	  biocompatible	  substrate	  for	  the	  promotion	  of	  functional	  neuronal	  networks	   without	   the	   use	   of	   the	   traditionally	   essential	   pre	   cell	   seeding	   of	  artificial	   extracellular	   matrix	   (ECM)	   proteins	   (e.g.	   laminin	   plus	   ornithine)	   to	  provide	  an	  adhesive	  layer.11	  These	  materials	  differ	  most	  greatly	  with	  respect	  to	  their	   chemical	   functionalisation;	   DND	   has	   a	   much	   wider	   array	   of	   surface	  groups12	  due	   to	   the	   deagglomeration	   process	   (see	   chapter	   2),	   whereas	   bulk	  diamond	   is	   hydrogen	   terminated	   after	   growth13	  and	   can	   then	   be	   treated	   in	   a	  number	   of	   different	   ways	   to	   obtain	   much	   more	   homogenous	   surface	   groups	  (see	   chapter	   6).	   Despite	   the	   apparent	   similarities	   between	   NCD	   and	   DNDs,	  DNDs	   layers	   have	   been	   shown	   to	   be	   a	   far	   superior	   substrate	   to	   NCD	   in	  sustaining	   functional	   neuronal	   cell	   cultures	   in	   artificial	   ECM-­‐free	   conditions.	  	  This	   is	   particularly	   interesting	   in	   terms	   of	   surface	   roughness.	   	   Typically	   both	  materials	   display	   a	   RMS	   (route	   mean	   squared)	   thin	   film	   roughness	   less	   than	  10nm,	  which	  in	  turn	  is	  lower	  than	  the	  previously	  described	  window	  of	  10-­‐70nm	  for	   silicon	  wafers	  wherein	  neuronal	   cell	   cultures	  had	  maximum	  adhesion14.	   In	  general	   the	   biocompatibility	   of	   surfaces	   is	   closely	   related	   to	   the	   response	   of	  cells	  put	  into	  contact	  with	  a	  given	  material,	  and	  particularly	  their	  adhesion.15	  	  
	  
Bulk	   diamond	   coated	   biosensors	   have	   been	   previously	   shown	   to	   be	  chemically	   inert	   in	   such	   environments16 ,	   As	   DND	   is	   also	   highly	   inert	   in	  biological	   media17 , 18 	  suggesting	   it	   may	   be	   the	   surface’s	   organic	   functional	  groups	  alongside	  its	  nanoscale	  dimensions	  (on	  the	  order	  of	  individual	  proteins),	  causing	  an	  effect	  at	  the	  subcellular	  level.8	  This	  therefore,	  is	  the	  rationale	  for	  the	  variation	  of	  nanodiamond	  (ND)	  size,	  ND	  source,	  ND	  surface	   functional	  groups,	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and	   ND	   coating	   deposition	   methods	   that	   have	   been	   explored	   in	   this	   study.	  These	   variations	   were	   developed	   into	   the	   following	   parameters:	   surface	  roughness,	   equivalent	   disk	   radius	   (particle	   size),	   and	   seeding	   density.	   These	  parameters	   were	   then	   analysed	   for	   their	   effect	   on	   the	   process	   of	   neuronal	  adhesion,	   and	   ability	   to	   support	   the	   cell	   culture	   until	   DIV8	   –	  with	   the	   aim	   of	  gaining	   greater	   understanding	   of	   the	   ND-­‐neuron	   interaction	   and	   the	   optimal	  parameters	  needed	  for	  healthy	  neuronal	  cell	  cultures	  supported	  by	  NDs.	  	  
	  
The	  in	  vitro	  studies	  mentioned	  previously	  used	  an	  artificial	  pre-­‐seeded	  layer	  of	  ECM.	   Such	  use	  of	   additional	   layers	  would	  preferably	  be	   avoided,	   as	   foreign	  biomolecules	   used	   in	   vivo	   add	   significant	   hurdles	   to	   a	   device’s	   overall	  biocompatibility.	  Therefore,	  as	  an	  additional	  avenue	  of	  investigation,	  and	  taking	  advantage	   of	   the	   ease	   of	   depositing	   ND	   on	   most	   3D	   structures19	  	   (such	   as	  implanted	   electrodes),	   micropatterned	   DND	   coated	   tracks	   with	   line	   widths	  ranging	  from	  5	  to	  70	  µm	  were	  deposited	  on	  borosilicate	  glass	  slides	  in	  order	  to	  selectively	  grow	  neurons	   in	  a	  desired	  pattern.	  Although	   the	   focus	  of	   the	  work	  presented	  here	  will	  be	  in	  vitro,	  one	  important	  goal	  for	  this	  line	  of	  research	  is	  the	  improvement	  of	  devices	  capable	  of	  being	   implanted	   in	  vivo	   for	   long	  periods	  of	  time.	  
	  
5.2. Experimental	  methods	  
	  
Note:	   Neuronal	   cultures,	   immunochemistry	   and	   confocal	   imaging	   were	  performed	   by	   Agnes	   Thalhammer	   of	   the	   Laboratory	   for	   Molecular	  Pharmacology,	  UCL	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Chemicals:	  All	  chemicals	  were	  purchased	  from	  Sigma	  (St	  Louis,	  MO),	  Tocris	  (Tocris	   Cookson	   Ltd,	   Avonmouth,	   UK)	   or	   Invitrogen	   (Carlsbad,	   CA),	   unless	  stated	  otherwise.	  For	  all	  experiments,	  substrates	  of	  borosilicate	  cover	  slip	  glass	  were	  used	  (13	  mm	  Ø	  cover	  glass,	  VWR,	  UK).	  Samples	  were	  first	  sterilized	  by	  an	  autoclave	   following	  ND	  deposition.	   Various	  ND	   types	   and	  deposition	  methods	  were	  then	  used	  as	  follows:	  
	  
	  ND	   types:	   Monodispersed	   DNDs	   (6–10	   nm)	   were	   purchased	   from	   New	  Metals	   &	   Chemicals	   Corporation,	   Japan,	   and	   high	   pressure	   high	   temperature	  NDs	  (HPHT	  Syndia	  SYP	  0-­‐0.02	  GAF,	  Van	  Moppes,	  ca.	  20	  nm)	  were	  provided	  by	  Dr	   Oliver	   A	   Williams	   (Fraunhofer	   Institute	   for	   Applied	   Solid	   State	   Physics,	  Freiburg,	  Germany).	  	  
	  
Deposition	  methods:	  Ultrasonication	  (US):	  Samples	  were	  submerged	  in	  DND	  hydrocolloid	  of	  concentration	  0.5	  g/l	  DND	  in	  deionised	  water	  (≥20MΩ.cm)	  and	  subjected	   to	   10	   minutes	   ultrasonication,	   then	   dried	   by	   a	   N2	   gun,	   which	   has	  previously	  been	  shown	  to	  give	  10-­‐30nm	  thick	  ND	  layers.11	  Spin	  coating	  (SC):	  ND	  hydrocolloids	  (0.5	  g/l,	  DND	  and	  HPHT	  used)	  were	  coated	  on	  whole	  substrates	  and	  spin	  coated	  (2000	  rpm	  for	  20	  seconds),	  then	  dried	  by	  N2	  gun.	  PVA/PDDAC	  electrostatic	   coating:	   NDs	   (HPHT	   used)	   were	   deposited	   using	   electrostatic	  attraction.	   This	   process	   is	   described	   in	   detail	   elsewhere.20	  Essentially,	   NDs	   of	  negative	  zeta	  potential	  diluted	  in	  polyvinyl	  alcohol	  (PVA)	  electrostatically	  bind	  to	   the	   positively	   charged	   Poly-­‐diallyldimethylammonium	   chloride	   polymer	  (PDDAC).	  Remaining	  solvent	  and	  polymers	  were	  removed	  by	  a	  short	  (20–40s)	  hydrogen	   microwave	   plasma	   using	   a	   Seki	   AsteX	   AX6550	   reactor	   and	   the	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following	   parameters:	   microwave	   power,	   600	  W;	   H2,	   200	   sccm;	   pressure,	   20	  mbar	  in	  order	  to	  keep	  the	  measured	  temperature	  to	  500˚C	  (as	  probed	  using	  an	  optical	   pyrometer	   Ircon	   Modline	   3	   series	   3L).	   Dip:	   Samples	   were	   coated	   in	  PDDAC	  and	  dipped	  in	  HPHT	  NDs	  diluted	  in	  water	  (3	  g	  /l).	  PDDAC	  was	  removed	  using	  the	  same	  hydrogen	  plasma	  as	  above.	  	  
	  
Fixing:	  Following	  coating,	  some	  samples	  were	  treated	  to	  a	  short	  microwave	  plasma	  enhanced	  chemical	  vapour	  deposition	  (MWPECVD)	  process	  that	  served	  to	  fix	  the	  NDs	  on	  the	  surface,	  also	  resulting	  in	  a	  hydrogenated	  diamond	  surface.	  The	  parameters	  used	  were	  as	  above	  for	  the	  PVA/PDDAC	  removal,	  except	  with	  a	  1%	  methane	  addition	  and	  a	  run	  time	  of	  11	  minutes.	  
	  
	   Fourier	   transform	   infrared	   spectroscopy	   (FTIR):	   Untreated	   DND	   and	  HPHT	   powders	   were	   characterised	   using	   a	   Perkin	   Elmer	   Spectrum	   100	   FTIR	  with	  an	  Attenuated	  Total	  Internal	  Reflection	  (ATR)	  accessory.	  Scans	  were	  taken	  with	   N2	   purging	   for	   at	   least	   30	   minutes	   prior	   to	   and	   throughout	   the	  measurement	   and	   scans	  were	   averaged	   over	   30	   scans	  with	   4	   cm-­‐1	   resolution.	  Samples	   were	   compressed	   onto	   the	   ATR	   crystal	   using	   the	   pressure	   arm	   to	  maximise	  signal	   intensity.	  Fixed	  samples	  were	  prepared	  on	  silicon	  wafers	  and	  then	  mechanically	   removed	   for	  measurement.	   Spectra	  were	   subjected	   to	   ATR	  correction	   (0	   contact	   factor)	   and	   baseline	   corrected	   (automatic	   mode)	   using	  PerkinElmer	  software.	  
	  
	   Patterning:	   Patterning	   of	   NDs	   was	   achieved	   using	   a	   photolithography	  mask	  comprised	  of	   a	   filled	   surface	   (control)	   and	  a	  grid	  of	   constant	  pitch	   (200	  µm)	  with	  graduated	  line	  widths	  of	  5,	  10,	  15,	  20,	  25,	  30,	  35,	  40,	  50,	  60	  and	  70	  µm	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(Figure	   5.8.a)	   increase	   from	   left	   to	   right	   every	   4th	   to	   5th	   grid	   unit.	   Briefly,	  following	   the	   HPHT	   SC	   ND	   coating	   an	   Al	   hard	   mask	   was	   deposited	   and	  patterned	   using	   AZ	   NLOF	   2020	   photoresist	   and	   AZ351B	   developer,	   which	  simultaneously	   developed	   the	   resist	   and	   etched	   the	   Al	   hard	   mask.	   A	   more	  detailed	   description	   is	   available	   elsewhere.	  21	  The	   exposed	   NDs	   were	   then	  etched	  away	  using	  an	  O2/Ar	   reactive	   ion	  etch	  and	   the	   remaining	   resist	  and	  Al	  removed,	  followed	  by	  multiple	  deionized	  water	  rinses.	  
	  
	   AFM:	   AFM	  measurements	  were	   carried	   out	   using	   a	  NanoScope	  V	   (7.0)	  controlled	   Dimension	   V	   Scanning	   Probe	   Microscope	   equipped	   with	   an	   XYZ	  Hybrid	   Scanner	   (Veeco	   Instruments	   Inc.,	   Mannheim,	   Germany),	   using	  aluminium-­‐coated	   silicon	   AFM	   probes	   with	   a	   resonant	   frequency	   of	   190	   kHz	  (Nanoscience	   Instruments,	   Inc.,	   Phoenix,	   USA).	   The	   AFM	   was	   operated	   in	  tapping	  mode	  with	  a	  VT-­‐103-­‐3K	  Acoustic	  /	  Vibration	  Isolation	  System	  and	  the	  VT-­‐102	  Vibration	  Isolation	  Table	  at	  room	  temperature	  in	  air.	  Statistical	  analysis	  and	  image	  processing	  on	  AFM	  images	  was	  carried	  out	  using	  Gwyddion	  software.	  Firstly	   topographical	   data	   was	   tilt	   corrected	   using	   a	   first	   order	   plane	   fit	  subtraction	   followed	   by	   scar	   removal	   and	   median	   line	   correction	   where	  necessary.	   Average	   roughness,	   Ra,	   was	   calculated	   as	   the	  mean	   value	   of	   the	   z-­‐height.	  Particle	  analysis	  was	   then	  performed	  on	  all	   images.	  Firstly	  a	   low	  band	  pass	  1D	  FFT	   filter	  was	  applied	   to	  all	   images	   to	   filter	  out	  high	   frequency	  noise	  (Fourier	   modulus	   density	   of	   >	   0.2	   k	   nm-­‐1	   removed).	   Particle	   masking	   was	  performed	  using	  a	   semi-­‐automatic	  process	  of	   either	  a	  watershed	  or	   threshold	  detection	   method	   followed	   by	   manual	   editing	   of	   the	   particle	   masks.	   Falsely	  marked	   particles	   of	   insufficient	   size	   were	   subsequently	   removed	   using	   a	  threshold	   area	   filter.	   Particle	   statistics	   of	   seeding	   density	   (N)	   and	   equivalent	  disc	   radius	   (EDR	   -­‐	   the	   radius	   of	   a	   disc	   of	   the	   same	  area	   as	   the	  marked	   grain)	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were	   then	   calculated.	   The	   standard	   error	   of	   the	  mean	   EDR	  was	   calculated	   to	  represent	   the	   breadth	   of	   each	  EDR	  distribution	   for	   each	   layer.	  Note:	  AFM	  Tip	  convolution	  effects	  resulted	  in	  consistent	  overestimates	  of	  EDR	  for	  all	  samples	  by	  ca.	  10	  nm,	  as	  estimated	  from	  the	  x-­‐axis	  intercept	  of	  the	  z-­‐axis	  height	  of	  grains	  vs.	  their	  EDR.	  
	  
Figure	  5.1	  Example	  of	  ND	   counting	  procedure:	   3D	  AFM	  data	   (left)	   is	   passed	   through	  
Gwyddion	  image	  processing	  software	  resulting	  in	  particle	  mask	  in	  red	  (right)	  
	  
	   Raman:	   Raman	   spectroscopy	   was	   carried	   out	   with	   a	   Renishaw	   Invia	  Raman	  Spectrometer	  using	  a	  laser	  wavelength	  of	  514.5	  nm.	  Thicker	  ND	  coatings	  were	   used	   for	   characterisation	   (in	   order	   to	   gain	   a	   reasonable	   signal	   to	   noise	  ratio,	   i.e	  greater	  than	  3:1),	  prepared	  by	  evaporating	  ND	  hydrocolloid	  drops	  on	  Si	  wafers	  in	  order	  to	  be	  visible	  to	  the	  Raman	  Spectrometer.	  In	  order	  to	  prevent	  damage	  to	  the	  ND	  layers,	  laser	  intensity	  was	  set	  at	  10%	  of	  the	  maximum	  value.	  
	  
	   Primary	  neuronal	  cultures:	  Murine	  hippocampal	  neurons	  were	  obtained	  at	   embryonic	   day	   18,	   essentially	   as	   described	   in	   earlier	   work.22 	  For	   cells	  cultured	   on	   ECM	   proteins	   (control	   samples),	   glass	   coverslips	   were	   incubated	  overnight	  (in	  100	  µL	  of	  a	  3	  µg/ml	  poly-­‐ornithine	  (p-­‐ORN)	  plus	  2	  µg/ml	  laminin	  (LN)	   solution	   in	   phosphate	   buffered	   solution;	   PBS).	   Cells	   were	   seeded	   in	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attachment	   medium	   (AM;	   MEM	   (medium	   essential	   medium)	   with	   Earl’s	   salts	  and	  glutamine,	  10%	  foetal	  bovine	  serum	  (FBS),	  33	  mM	  glucose,	  1	  mM	  pyruvate)	  at	   100,000	   cells	   cm-­‐2.	   After	   3–4	   h	   the	   AM	   was	   replaced	   with	   maintenance	  medium	  (MM;	  Neurobasal	  medium,	  2%	  B27	  supplement,	  2	  mM	  GlutaMAX-­‐I,	  100	  U/ml	  penicillin,	  0.1	  mg/ml	   streptomycin,	  33	  mM	  glucose).	  Cultures	  were	  kept	  for	  up	   to	  DIV7.	  All	  animal	  work	  was	  undertaken	  under	   the	  auspices	  of	   the	  UK	  Home	   Office	   Project	   and	   Personal	   Licenses	   held	   by	   the	   authors	   in	   their	  designated	  laboratories.	  
	  
	   Immunochemistry	   and	   imaging:	   Samples	   were	   fixed	   with	   4%	  paraformaldehyde/4%	   sucrose	   in	   phosphate	   buffered	   saline	   (PBS;	   137	   mM	  NaCl,	  2.7	  mM	  KCl,	  10	  mM	  Na2HPO4,	  2	  mM	  KH2PO4)	  for	  10	  min,	  then	  washed	  with	  PBS	   before	   permeabilisation	   of	   cells	   (0.2%	   TritonX-­‐100	   in	   PBS	   for	   10	   min).	  After	   1–2	   h	   in	   blocking	   solution	   (BS;	   5%	   horse	   serum	   in	   PBS)	   samples	   were	  incubated	   for	   1–2	   h	   with	   primary	   antibodies	   (mouse	   anti-­‐MAP2,	   Chemicon,	  MAB364,	  1:500	  in	  BS;	  rabbit	  anti-­‐GFAP,	  DakoCytomation,	  Z0334,	  1:500	  in	  BS).	  F-­‐actin	   was	   stained	   for	   10	   min	   at	   room	   temperature	   (RT)	   with	   rhodamine-­‐phalloidin	   (2	   U/ml,	  Molecular	   Probes	   R415)	   and	   nuclei	   for	   5	  min	   at	   RT	  with	  Hoechst	   33258	   (Molecular	   Probes,	   1	   mg/ml	   in	   PBS).	   Samples	   were	   washed	  repeatedly	   and	   incubated	  with	   secondary	   antibody	   (Cy2-­‐	   and	   Cy5-­‐conjugated	  goat	   anti-­‐mouse	   IgG,	   Jackson;	   1:300	   in	   BS,	   115-­‐095-­‐003	   and	   115-­‐175-­‐003,	  respectively)	   for	   1	   h.	   Samples	   were	   washed	   with	   PBS,	   and	   stored	   at	   4	   ˚C	   in	  sterile-­‐filtered	  PBS	  until	   imaging	  or	  mounted	  after	  wash	   in	  Gelmount	   (Sigma).	  Confocal	  microscopy	  was	  performed	  on	  a	  Bio-­‐Rad	  Radiance	  2100MP	  Confocal	  Microscope	   with	   a	   20x	   (Nikon,	   Plan	   Flour,	   0.75)	   water-­‐immersion	   objective	  using	  Bio-­‐Rad	  Lasersharp	  2000	  software.	  Alternatively	  a	  Leica	  TCS	  SPE	  confocal	  microscope	  equipped	  with	  a	  40x	  oil-­‐immersion	  objective	  (Zeiss,	  ACS	  APO,	  1.15)	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was	  used	  in	  combination	  with	  LAS	  AF	  software,	  V1.7.0.	  Areas	  for	  imaging	  were	  randomly	   chosen.	   Two	   independent	   sets	   of	   experiments	   were	   performed	   for	  unpatterned	  cultures,	  and	  one	  independent	  set	  for	  patterned	  cultures.	  	  
	  
Image	   processing:	   Total	   neurite	   length	   (TNL)	   measurements	   were	  performed	   using	   a	   modified	   version	   of	   the	   NeuriteTracer	   ImageJ	   plugin	   that	  does	   not	   require	   nuclei	  markers.	  23	  TNL	  was	   calculated	   on	   one	   set	   of	   confocal	  images	   of	   unpatterned	   DIV2	   neuronal	   cultures.	   Image	   processing	   was	  performed	   on	   the	   neuronal	   marker	   confocal	   image	   channel,	   which	   had	   been	  recorded	   using	   the	   same	   confocal	   microscope	   settings	   for	   each	   image.	  Processing	   thresholds	   were	   chosen	   individually	   for	   each	   image	   to	   most	  faithfully	  trace	  the	  neurites.	  TNL	  was	  measured	  as	  an	  average	  of	  4	  quadrants	  of	  each	  confocal	   image	   in	  order	  to	  reflect	   the	  heterogeneity	  of	  neuronal	  cultures,	  and	   its	   associated	   error	   is	   presented	   as	   the	   standard	   error	   of	   the	  mean.	   Each	  quadrant	   has	   a	   surface	   area	   of	   98,775	   µm2.	   Pearson	   product-­‐moment	  correlation	   coefficients	   of	   TNL	   with	   respect	   to	   ND	   coating	   morphology	  parameters	  were	  calculated	  using	  OriginPro	  8.6	  software,	  where	  p-­‐values	  were	  calculated	  using	  an	  unpaired	  Student’s	  2-­‐tailed	  t-­‐test	  (significant	  for	  p<0.05).	  
	  
Figure	  5.2	  Example	  of	  TNL	  calculation	  procedure:	  Confocal	  image	  (left)	  was	  greyscale	  
thresholded	   to	   produce	   a	   neurite	   mask	   (centre),	   the	   ImageJ	   plugin	   then	   traces	   and	  
measures	  the	  resultant	  paths.	  Scale	  bar	  50µm.	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5.3. Results	  and	  discussion	  
	  
5.3.1	  Nanodiamond	  coating	  and	  characterisation	  	  
Ten	   types	   of	   ND	   coating	   were	   prepared	   on	   glass	   slides,	   varying	   ND	  deposition	  method,	  ND	  source,	  and	  with	  or	  without	  the	  use	  of	  a	  fixing	  step	  (to	  hydrogen	  terminate	  the	  surface	  whist	  improving	  the	  adhesion	  of	  the	  ND	  to	  the	  substrate)	   to	   extensively	   explore	   the	   effect	   of	   ND	   coating	   type	   on	   neuronal	  adhesion.	  Monodispersed	  DNDs	  were	  first	  deposited	  using	  US	  (Figure	  5.3a	  first	  column)	  and	   then	  SC	   (Figure	  5.3.a	  second	  column).	  SC	  coated	  slides	  showed	  a	  sparser,	   more	   aggregated	   coverage,	   whereas	   the	   US	   coating	   provided	   more	  uniform	  coverage.	  Next,	  ND	  source	  was	  varied	  in	  order	  to	  investigate	  the	  effect	  of	   ND	   particle	   size	   and	   morphology	   on	   neuronal	   adhesion.	   HPHT	   NDs	   were	  deposited	  using	  SC	  (Figure	  5.3.a	  third	  column),	  PVA/PDDAC	  (Figure	  5.3.a	  fourth	  column),	  and	  dip	  coating	  (Figure	  5.3.a	  fifth	  column).	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The	   entire	   sample	   set	   was	   then	   replicated	   with	   an	   additional	   MWPECVD	  fixing	   step	   in	   order	   to	   homogenise	   the	   surface	   functional	   groups	   to	   hydrogen	  termination	   (see	   below).	   No	   differences	   in	   coating	  were	   apparent	   before	   and	  after	   fixing.	   Scans	   taken	  were	   representative	  of	   the	  whole	   sample	   surface	  and	  were	  selected	  at	  random	  over	  the	  entire	  substrate	  surface.	  
	  
Following	  the	  fixing	  treatment	  NDs	  were	  seen	  to	  have	  increased	  adhesion	  to	  the	  glass	  surface,	  observed	  by	  the	  prevention	  of	  AFM	  artefacts	  associated	  with	  the	  imaging	  of	  loose	  powders	  (i.e.	  inconsistent	  alignment	  of	  line	  scans	  caused	  by	  
Figure	  5.3	   	  (a)	  1	  µm	  square	  AFM	  images	  of	  ND-­‐coated	  substrates	  coated	  using	  a	  variety	  of	  ND	  types	  
and	   deposition	  methods.	   Row	   1	   shows	   untreated	   coatings	   and	  Row	   2	   shows	  MWPECVD	   fixed	   coatings,	  
resulting	   in	   a	   hydrogenated	   surface	   (see	   section	   5.2	   Deposition	  methods).	   (b)	   Corresponding	   average	  
roughness,	  Ra	  (nm);	  equivalent	  disc	  radius,	  EDR	  (nm);	  and	  seeding	  density,	  N	  (×1010	  cm-­‐2)	  of	  AFM	  images.	  
Fixed	  samples	  are	  denoted	  with	  an	  appended	  ‘f’.	  (c)	  Raman	  spectra	  of	  untreated	  and	  fixated	  DNDs	  to	  show	  
no	  significant	  differences	  in	  spectra.	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particles	  being	  moved	  by	  the	  AFM	  tip	  or	  erroneous	  recurring	  shapes	  included	  in	  the	   AFM	   scan	   caused	   by	   particles	   becoming	   stuck	   to	   the	   tip)	   and	   by	   the	  increased	   resistance	   to	  mechanical	   abrasion.	  As	  MWPECVD	   is	   very	   commonly	  used	  to	  grow	  ND	  seeded	  layers	  into	  NCD	  thin	  films24	  (see	  chapters	  7	  &	  8),	  often	  using	  methane	  in	  an	  excess	  of	  hydrogen	  (as	  used	  in	  the	  fixing	  step),	  fixing	  time	  was	  kept	  to	  a	  minimum	  (11	  minutes)	  and	  at	  low	  microwave	  power	  in	  order	  to	  maintain	   as	   low	   a	   growth	   rate	   as	   possible.	   This	   resulted	   in	   no	   observable	  change	   to	   the	   AFM	   derived	   data	   (Figure	   5.3.a,b)	   for	   the	   coatings’	   average	  roughness	  (Ra),	  nor	  their	  EDR.	  	  The	  sample	  ‘fixed	  HPHT	  PVA’	  was	  an	  exception	  to	   this	   trend,	   which	   showed	   an	   increase	   in	   Ra	   after	   fixing.	   This	   could	   be	  explained	  by	  an	  unusually	  high	  heterogeneity	  of	  the	  coating	  across	  the	  sample	  surface	  for	  this	  deposition	  method.	  However,	  to	  support	  this	  generally	  positive	  finding,	   Raman	   spectroscopy	   was	   performed	   on	   the	   smallest	   DND	   particles	  before	  and	  after	  the	  fixing	  step	  (Figure	  5.3.c),	  as	  the	  smallest	  particles	  are	  most	  sensitive	   to	   increasing	  particle	   size	   causing	  a	   corresponding	  change	   in	  Raman	  spectra.	  The	  spectra	  in	  Figure	  5.3.c	  show	  no	  change	  of	  the	  sp3	  and	  sp2	  associated	  peaks	  after	   fixing,	  and	  these	  peaks	  are	  certainly	  dissimilar	   from	  those	  seen	  on	  traditional	  NCD	  films.25	  Of	  highest	   importance	   is	  the	   lack	  of	  Raman	  shift	  of	   the	  sp3	  peak	  on	  both	  of	   the	  spectra	  remain	  unchanged	  at	  1327	  cm-­‐1	   -­‐	  shifted	  from	  the	   value	   ascribed	   to	   pure	   bulk	   diamond	   (1333	   cm-­‐1)	   due	   to	   phonon	  confinement	   effects	   regularly	   seen	   on	   ND	   and	   in	   direct	   correlation	   to	   their	  particle	   size26,	   indicating	  no	  change	  occurred	   in	   core	  particulate	   size	   from	   the	  fixing	  treatment.	  
	  
FTIR	   was	   used	   to	   characterise	   the	   surfaces	   of	   both	   the	   DND	   and	   HPHT	  particles	   before	   and	   after	   fixing	   treatment.	   The	   two	   differing	   sources	   of	   NDs	  showed	   quite	   different	   chemical	   groups	   on	   their	   surfaces;	   DNDs	  were	   largely	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hydroxyl	  and	  carboxylic	  acid	  terminated	  (broad	  peak	  around	  3400	  cm-­‐1,	  and	  a	  narrower	  peak	  at	  1750	  cm-­‐1	  respectively),	  whereas	  HPHT	  NDs	  were	   largely	  of	  anhydride	  terminations	  (peaks	  around	  1800	  cm-­‐1),	  although	  the	  large	  hydroxyl	  peak	  was	  also	  present,	   if	   slightly	  different	  when	  compared	   to	   the	  DND.	  Fixing	  resulted	   in	  a	  reduction	   in	   the	  oxygen	  containing	  groups	  mentioned	  previously	  and,	  importantly,	  an	  increase	  in	  C-­‐H	  bonds	  (2900-­‐3000	  cm-­‐1)	  on	  both	  DND	  and	  HPHT.	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5.3.2	  Neuron	  attachment	  on	  nanodiamond	  coatings	  
Figure	   5.5	   Confocal	   microscopy	  
images	  of	  immunostained	  neuronal	  cell	  
cultures	   after	   DIV2	   on	   ND-­‐coated	   and	  
LN/p-­‐ORN	   coated	   glass	   substrates.	  
Immunostaining	   reveals	   neurons	   via	  
the	   dendrite-­‐specific	   marker	   MAP2	  
(shown	   in	   green)	   and	   cytoskeletal	  
filaments	   of	   actin	   (f-­‐actin)	   are	   stained	  
using	   rhodamine-­‐phalloidin	   (red),	  
which	   highlights	   structures	   rich	   in	   f-­‐
actin,	   such	   as	   growth	   cones	   at	   the	   tips	  
of	   neurites.	   Scale	   bar	   50	   µm.	   The	  
quadrant-­‐averaged	   Total	   Neurite	  
Length	  (TNL)	  of	  each	  sample	  (measured	  
using	  the	  NeuriteTracer	  ImageJ	  plugin)	  
is	   shown	   in	   the	  bottom	   left	  panel,	  with	  
error	   bars	   corresponding	   to	   the	  
standard	  error	  of	  the	  mean	  (s.e.m.).	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Primary	  neuronal	  cell	  cultures	  were	  seeded	  on	  the	  ten	  different	  ND-­‐coated	  samples	   (Figure	   5.3.a),	   plus	   a	   control	   sample	   consisting	   of	   a	   glass	   cover	   slip	  coated	   with	   traditional	   ECM	   proteins	   (LN/p-­‐ORN).	   Images	   obtained	   at	   DIV2	  using	  a	  confocal	  microscope	  (Figure	  5.5)	  show	  the	  attachment	  of	  neurons	  and	  outgrowth	  of	  neurites	  on	  every	  sample	  tested.	  TNL	  was	  then	  measured	  on	  each	  image	  to	  quantify	  the	  outgrowth	  observed,	  as	  described	  in	  section	  5.2,	  with	  the	  average	  displayed	  in	  the	  bottom	  left	  panel	  of	  Figure	  5.5.	  	  All	  samples	  showed	  an	  equal	   or	   greater	   TNL	   than	   the	   control	   LN/p-­‐ORN	   sample.	   Interestingly,	   there	  was	   no	   discernable	   difference	   between	   the	   untreated	   and	   fixed	   ND	   coatings,	  excluding	   the	   HPHT	   PVA,	   which	   showed	   a	   reduction	   of	   ~40%	   after	   fixing	  (Figure	  5.5	  4th	   row).	   Pearson	  product-­‐moment	   correlation	   coefficients	   (r)	   and	  their	   significance	   (s)	   were	   calculated	   to	   evaluate	   whether	   there	   was	   any	  significant	   linear	   correlation	   between	   TNL	   and	   the	   ND	   coating	   parameters	   in	  Figure	  5.3.b	   (Ra,	  EDR,	  and	  N),	   shown	   in	  Figure	  5.6,	  with	   their	  corresponding	  r	  and	   p	   values	   in	   each	   panel.	   The	   only	   statistically	   significant	   correlation	   was	  between	  EDR	   and	  TNL	   (r=-­‐0.77	  p=0.01),	   suggesting	   the	   size	   of	   the	  NDs	   could	  have	  an	   influence	  on	  neuronal	  adhesion	  and	  subsequent	  neurite	  outgrowth	   in	  this	  range	  of	  particle	  sizes.	  Additionally,	  Ra	  showed	  a	  negative	  but	  insignificant	  correlation	   coefficient	   against	   TNL	   at	   this	   range	   (r=-­‐0.48	   p=0.16),	   whilst	   N	  displayed	   a	   positive	   (which	  was	   expected	   as	   TNL	   tends	   to	   zero	   as	  N	   tends	   to	  zero)	  yet	  insignificant	  correlation	  (r=0.4	  p=0.25).	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Figure	   5.6	   Scatter	   plots	   showing	   the	   relationships	   between	   the	   AFM-­‐determined	  
morphological	  properties	  (Figure	  5.3.b)	  of	  the	  ND-­‐coated	  samples	  against	  the	  total	  neurite	  
extension	  measured	  from	  confocal	  microscopy	  images	  (shown	  in	  Figure	  5.5).	  Data	  point	  fill	  
colour	  corresponds	  to	  ND	  coating	  type,	  line	  border	  colour	  to	  untreated/fixed	  ND.	  TNL	  and	  
EDR	  error	  bars	   are	  both	   s.e.m..	  The	   solid	  horizontal	   line	   across	   each	  panel	   indicates	   the	  
LN/p-­‐ORN	  control	  sample	  TNL	  with	  the	  flanking	  dashed	  lines	  indicating	  ±	  s.e.m.	  Inset	  r	  and	  
p-­‐values	  report	  the	  Pearson	  correlation	  coefficient	  and	  2-­‐tailed	  significance	  for	  each	  data	  
set.	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The	   neuronal	   cell	   cultures	   were	   maintained	   until	   DIV7,	   and	   then	   imaged	  using	  confocal	  microscopy	  (Figure	  5.7).	  	  All	  substrates	  imaged	  showed	  apparent	  neuronal	  networks.	  
Figure	  5.7	  Confocal	  microscopy	  images	  of	  immunostained	  neuronal	  cell	  cultures	  after	  
DIV7	   on	   ND-­‐coated	   and	   LN/p-­‐ORN	   coated	   (control	   sample)	   glass	   substrates.	  
Immunostaining	  reveals	  neurons	  via	  the	  dendrite-­‐specific	  marker	  MAP2	  (shown	  in	  green)	  
and	   cytoskeletal	   filaments	   of	   actin	   (f-­‐actin)	   are	   stained	   for	   using	   rhodamine-­‐phalloidin	  
(red),	   which	   highlights	   structures	   rich	   in	   f-­‐actin,	   such	   as	   growth	   cones	   at	   the	   tips	   of	  
neurites	  and	  glia	  cells.	  Scale	  bar	  10	  µm.	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5.3.3	   Mechanism	   of	   neuronal	   adhesion	   with	   respect	   to	  
nanodiamond	  surface	  properties	  	  
It	  is	  relatively	  common	  for	  cellular	  adhesion	  to	  occur	  on	  artificial	  substrates	  through	   biomolecule	   and	   peptide	   lamination,	   however	   some	   artificial	  substrates	  have	  been	  shown	  to	  enable	  some	  degree	  of	  cellular	  adhesion	  without	  the	   additional	   lamination.	   In	   the	   simplest	   case,	   electrostatic	   binding	   of	  negatively	  charged	  cell	  membranes	  bind	  to	  a	  positively	  charged	  surface	  –	  such	  as	   polylysine.27	  As	   NDs	   also	   have	   polar	   surfaces,	   it	   would	   be	   reasonable	   to	  suggest	   a	   similar	   effect	   would	   be	   seen	   on	   such	   layers.	   However,	   when	   cells	  adhere	  through	  electrostatic	  binding,	  they	  are	  unable	  to	  secrete	  their	  own	  ECM	  proteins	   and	   will	   die	   through	   apoptosis	   within	   24-­‐48	   hours.28	  Instead,	   the	  surface	   terminations	   could	   be	   mimicking	   the	   functional	   properties	   of	   ECM	  proteins,	  directly	   interacting	  with	  cells	  and	   initiating	  cell	   adhesion.	  This	   could	  be	   likely	  when	   their	   size,	   shape,	   surface	   charge	   and	   organic	   based	   functional	  groups	   are	   considered	   which	   could	   lead	   them	   to	   mimic	   attachment	   peptide	  motifs	   in	   ECM	   proteins,	   such	   as	   the	   RGD	   motif, 29 	  as	   they	   resemble	   the	  characteristics	  seen	  in	  globular	  proteins.	  Moreover,	  other	  nanoparticles	  such	  as	  gold	   and	   nickel-­‐palladium	   have	   been	   previously	   shown	   to	   mimic	   other	  biological	   processes.30	  However,	   the	   observation	   that	   neuronal	   adhesion	   was	  apparent	   on	   both	   fixed	   and	   untreated	   surfaces	   (hydrogen	   and	   oxygen	  dominated	   surfaces	   respectively)	   refutes	   such	   a	   direct	   cell-­‐ND	   interaction.	   An	  alternative	  explanation	  is	  therefore	  put	  forward	  –	  that	  the	  NDs	  are	  providing	  an	  optimal,	  or	  near	  optimal	  substrate	  for	  the	  adsorption	  of	  ECM	  proteins	  found	  in	  the	  cell	  AMs	  (vitronectin	  and	  fibronectin	  found	  in	  FBS,	  see	  section	  5.2:	  Primary	  neuronal	  cultures)	  and	  subsequently	  produced	  by	  the	  cells	  themselves.31	  This	  is	  due	   to	   the	  NDs’	   previously	   reported	  high	   affinity	   for	   protein	   adsorption32	  and	  their	   small	   radii	   of	   curvature,	  which	   aids	   the	   functionally	   intact	   adsorption	  of	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fragile	   globular	   proteins	   such	   as	   vitronectin	   and	   fibronectin.33	  It	   should	   be	  noted	  that	  during	  the	  course	  of	  these	  experiments	  it	  was	  found	  that	  cells	  fail	  to	  attach	   to	   NDs	   in	   the	   absence	   of	   serum	   –	   FBS	   contains	   non-­‐adhesive	   growth	  factors	   essential	   for	   cell	   attachment,	   in	   addition	   to	   the	   adhesive	   proteins	  vitronectin	   and	   fibronectin.	   Furthermore,	   the	   slight	   fasciculation	   of	   neurons	  presented	  in	  Figure	  5.8.c.v	  (see	  below)	  could	  suggest	  that	  at	  DIV7	  the	  neurons	  are	   attaching	   to	   their	   own	  endogenous	   adhesion	  protein	  matrix.	   Fasciculation	  has	   been	   observed	   on	   ECM	   coated	   substrates	   previously	   and	   could	   also	   be	  ascribed	  to	  varying	  culture	  conditions.11	  	  
	  
The	  correlation	  coefficient	  analysis	  of	  TNL	  against	  EDR	  (which	  is	   inversely	  proportional	  to	  radius	  of	  curvature)	  presented	  in	  Figure	  5.6	  showed	  significant	  negative	   correlation,	   compared	   to	   the	   more	   commonly	   studied	   biomaterial	  parameter	  –	  average	  roughness,	  which	  was	  only	  weakly	  correlated.	  Hence,	  this	  negative	   correlation	   is	   in	   agreement	  with	   the	   hypothesis	   that	   cell	   adhesion	   is	  improved	  through	  increased	  functional	  protein	  adsorption	  with	  decreasing	  ND	  particle	   size,	   creating	   a	   more	   biocompatible	   surface	   as	   shown	   by	   enhanced	  neurite	  extension.	  
	  
5.3.4	  Patterned	  nanodiamond	  neuronal	  growth	  	  
ND	   coatings	  were	   patterned	   as	   described	   in	   section	   5.2:	   Patterning,	   using	  the	   mask	   pictured	   in	   Figure	   5.8a.	   Note	   HPHT	   SC	   coatings	   were	   used	   for	  patterning	   due	   to	   the	   ease	   of	   incorporating	   spin	   coating	   into	   the	  photolithography	   process	   and	   the	   resultant	   high	   seed	   density	   to	   aid	   the	  identification	   of	   features	   with	   subsequent	   AFM	   imaging.	   The	   subsequent	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etching	   process	   provided	   efficient	   removal	   of	   NDs,	   resulting	   in	   highly	  contrasted	   surfaces	   (Figure	   5.8b	   showing	   an	   intersection	   of	   two	   15	   µm	   thick	  tracks).	  Neuronal	  cell	  cultures	  were	  created	  on	  the	  patterned	  ND	  as	  described	  in	  the	  Experimental	  methods.	  Confocal	  microscopy	  was	  performed	  at	  DIV2	  and	  showed	   cell	   attachment	   on	   tracks	   as	   narrow	   as	   10	   µm	   (Figure	   5.9.i)	   sitting	  generally	  on	  the	  intersection	  of	  two	  tracks.	  For	  larger	  line	  widths,	  the	  neurons	  were	   found	   to	   be	   tightly	   conformal	   along	   the	   tracks,	   with	   no	   particular	  preference	  displayed	  for	  individual	  tracks	  or	  their	  intersections	  (Figure	  5.9.ii/iii.	  Figure	  5.9.iv	   shows	   an	  unpatterned	   area	   taken	   in	   the	   centre	   of	   the	  mask	   (see	  Figure	  5.8a),	  the	  neurons	  there	  take	  a	  more	  circular	  morphology	  and	  there	  is	  a	  reduced	   amount	   of	   neurite	   branching	   present,	   in	   a	   similar	  manner	   to	   the	   cell	  morphology	  seen	  on	  HPHT	  SC	  substrates	   in	  Figure	  5.5.	  After	   imaging	  at	  DIV2,	  cell	   cultures	   were	   re-­‐incubated	   until	   DIV7	   (Figure	   5.10.v/vi)	   where	   lots	   of	  connections	  between	  neurons	  are	  apparent.	  Furthermore,	  in	  the	  specific	  case	  of	  Figure	  5.10.v,	  neurons	  and	  their	  neurites	  have	  closely	  conformed	  to	  the	  ND	  grid	  pattern	  and	  show	  no	  sign	  of	  the	  fasciculation	  observed	  in	  Figure	  5.10.vi.	  
	  
Figure	  5.8	   (a)	  Diagram	  of	  photolithography	  mask	  used	   for	  ND	  patterning	   (9x9	  mm).	  
Black	  areas	  are	  ND	  filled.	  The	  central	  unpatterned	  region	  is	  used	  as	  an	  ND	  control	  surface	  
for	   each	   sample.	   The	   indicated	   circular	   regions	   correspond	   to	   the	   confocal	   images	   in	  
Figure	  5.9	  and	  Figure	  5.10.	  (b)	  70	  µm	  square	  AFM	  image	  of	  patterned	  HPHT	  SC	  tracks	  on	  
glass	   substrate.	  Width:	  15	  µm.	  Height:	  ca.	   35	  nm.	   	  Note:	  Roman	  numerals	  used	   to	   signify	  
position	  of	  confocal	  images	  used	  in	  figures	  5.9	  and	  5.10	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Figure	  5.9	  Confocal	  microscopy	  images	  of	   immunostained	  neuronal	  cultures	  at	  DIV	  2	  
on	  untreated	  HPHT	  SC	  patterned	  glass	  substrates.	  Cells	  have	  MAP2	  and	  f-­‐actin	  staining	  as	  
in	  Figure	  5.5.	  Scale	  bar	  100	  µm.	  Roman	  numerals	  correspond	  to	  regions	  on	  Figure	  5.8(a)	  
where	  confocal	  images	  were	  taken.	  
	  
Figure	  5.10	  Confocal	  microscopy	  images	  of	  immunostained	  neuronal	  cultures	  at	  DIV	  7	  
on	  untreated	  HPHT	  SC	  patterned	  glass	  substrates.	  Cells	  have	  MAP2	  and	  f-­‐actin	  staining	  as	  
in	  Figure	  5.5.	  Scale	  bar	  100	  µm.	  Roman	  numerals	  correspond	  to	  regions	  on	  Figure	  5.8(a)	  
where	  confocal	  images	  were	  taken.	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5.4. Concluding	  remarks	  
	  
The	  primary	  aim	  of	  this	  work	  was	  to	  investigate	  the	  effect	  of	  variation	  of	  ND	  parameters	  (size,	  source,	  surface	  functional	  groups,	  and	  deposition	  method)	  on	  the	  adhesion	  and	  neurite	  extension	  of	  embryonic	  murine	  hippocampal	  neurons.	  This	  was	  done	  in	  order	  to	  better	  understand	  the	  adhesion	  mechanisms	  that	  had	  been	   observed	   in	   earlier	   studies,	   and	   to	   elucidate	   whether	   differing	  combinations	   of	   the	   aforementioned	   ND	   parameters	   provided	   preferable	  surfaces	  for	  neuronal	  adhesion.	  A	  wide	  range	  of	  ND	  coatings	  were	  successfully	  prepared	  with	  differing	  size,	  origin,	  deposition	  method	  and	  surface	  chemistry.	  These	  coatings	  were	  analysed	  using	  AFM	  and	  this	  data	  was	  parameterised	  into	  average	   roughness,	   equivalent	   disk	   radius	   and	   seeding	   density.	   The	   surface	  chemistry	   was	   also	   analysed	   using	   FTIR,	   and	   showed	   fixing	   resulted	   in	   a	  reduction	   of	   oxygen	   containing	   groups	   and	   an	   increase	   in	   C-­‐H	   bonds.	   These	  coatings	  were	   investigated	   for	   their	  ability	   to	   support	  neuronal	  adhesion	  by	  a	  combination	  of	  confocal	  microscopy	  with	  neurite	  tracing	  software,	  and	  indeed	  it	  was	   found	   all	   the	   ND	   coatings	  were	   successful	   in	   supporting	   the	   adhesion	   of	  murine	   hippocampal	   neurons,	   with	   only	   small	   variation	   in	   total	   neurite	  extension.	   No	   ND	   surface	   was	   found	   to	   prevent	   ND	   attachment,	   indicating	   a	  wide	   variety	   of	   NDs	   are	   suitable	   for	   this	   use.	   Of	   great	   interest,	   was	   the	  observation	   that	   predominantly	   oxygenated	   (untreated)	   and	   hydrogenated	  (fixed)	   surfaces	  provided	   similarly	  hospitable	   environments	   for	  neurons,	  with	  no	  apparent	  difference	  in	  the	  viability	  of	  cell	  cultures.	  The	  possible	  mechanisms	  for	   neuronal	   adhesion	   were	   discussed	   and	   parametric	   coefficient	   correlation	  analysis	  was	  performed	  and	  a	   significant	   correlation	  was	   found	  between	   total	  neurite	  extension	  and	  ND	  size	  (or	  curvature)	  where	  a	  smaller	  ND	  (with	  higher	  curvature)	   promoted	   a	   greater	   degree	   of	   neurite	   extension,	   with	   a	  maximum	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recorded	   value	   of	   ~900	   µm	   in	   the	   400	   µm2	  confocal	   images	   used.	   Functional	  adsorption	   of	   proteins	   was	   suggested	   as	   the	   most	   likely	   mechanism	   for	   the	  excellent	   cell	   adhesion	   properties	   of	   ND	   coatings.	   Further	   work	   into	   this	  attachment	  mechanism	  remains	  a	  subject	  of	  study	  for	  future	  work	  in	  this	  area.	  Planned	   variables	   would	   include	   the	   influence	   of	   other	   surface	   terminations,	  where	  the	  variation	  in	  zeta	  potential	  would	  likely	  have	  an	  interesting	  influence	  on	   both	   the	   inter-­‐particulate	   binding	   forces	   and	   the	  hydrophilicity/hydrophobicity	   of	   the	   ND	   surface.	   	   Variation	   of	   the	   cell	   types	  seeded	  upon	  the	  ND	  layers	  would	  also	  provide	  useful	  information	  as	  to	  whether	  cells	  with	  differing	  adhesion	  and	  regrowth	  strategies	  (e.g.	  with	  and	  without	  the	  use	   of	   pioneer	   neurites),	   and	   hence	   whether	   the	   technique	   outlined	   in	   this	  chapter	  can	  be	  rolled	  out	  across	  a	  wide	  range	  of	  cell	  types.	  
	  
Secondly,	   ND	   mediated	   micropatterning	   of	   the	   neuron	   cultures	   was	  attempted	   through	   the	   combined	   use	   of	   photolithography	   and	   reactive	   ion	  etching.	  This	   enabled	  a	   graduated	  grid	  pattern	  of	  NDs	   to	  be	   created,	  which	   in	  turn	  allowed	  direct	  patterning	  of	  neuronal	   adhesion	  on	   the	  ND	  grid.	  This	  was	  confirmed	   using	   confocal	   microscopy	   analysis	   of	   the	   immunostained	   cell	  cultures.	   	  As	  a	  result,	   this	  work	  shows	  ND	  patterning	  to	  be	  a	  highly	  promising	  platform	  for	  the	  in	  vitro	  study	  of	  ordered	  neuronal	  networks.	  Furthermore,	  such	  coatings	  could	  provide	  a	  possible	  future	  coating	  for	  in	  vivo	  chronic	  implants,	  for	  example	  as	   an	  artificial	   retinal	  or	   cochlear	  microelectrode	  array.	   Such	  devices	  would	   certainly	   benefit	   from	   the	   aforementioned	   further	   study	   into	   the	  attachments	   mechanisms,	   as	   the	   longer	   term	   stability	   of	   the	   cell	   attachment	  would	   prove	   a	   critical	   design	   consideration.	   Evaluation	   of	   this	   stability	   under	  the	   full	   range	  of	  conditions	  seen	   in	  biological	  media	  (i.e.	   temperature,	  pH,	  and	  pressure)	  would	  also	  be	  a	  prerequisite	  for	  successful	  device	  design.	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6.1. Introduction	  
	  
Diamond	  provides	  a	  usefully	  manipulatable	  material	  from	  which	  to	  derive	  a	  wide	   range	   of	   functional	   surfaces.	   These	   include,	   but	   are	   not	   limited	   to	  hydrogen,	   hydroxide,	   oxygen,	   esters,	   carboxyl,	   amines,	   silane,	   and	   halogens.1	  The	   ultra-­‐low	   dimensions	   of	   the	   nanodiamond	   (ND)	   result	   in	   the	   constituent	  atoms	  being	  largely	  at	  the	  surface,	  therefore	  functionalisation	  of	  the	  surface	  has	  a	  large	  effect	  on	  the	  characteristics	  of	  single	  and	  aggregated	  ND.	  The	  electrical	  properties	   of	   ND	   layers	   in	   particular	   form	   a	   basic	   design	   variable	   that	   is	  currently	  not	  well	  understood.	  Such	  understanding	  is	  vital	  to	  enable	  the	  coming	  plethora	   of	   ND	   incorporated	   devices	   likely	   on	   the	   horizon.	   The	   range	   of	  potential	  and	  current	  uses	  of	  functionalised	  nanodiamonds	  stretches	  from	  most	  conceivable	  materials	  applications:	  electrochemical,	  biological,	  mechanical,	  and	  importantly	  for	  this	  chapter,	  electrical.	   
 
From	   the	   perspective	   of	   electrochemistry,	  ND	  based	   electrodes	   have	   been	  thoroughly	  investigated.	  A	  study	  from	  2007	  showed	  the	  ND	  powder	  electrode	  is	  a	  very	  stable	  platform	  in	  KCl	  electrolytes	  over	  a	  wide	  potential	  range	  (-­‐1.2/+2.0	  V)	  where	  the	  reaction	  is	  quasi	  reversible	  when	  used	  in	  a	  0.1	  M	  KCl	  solution	  with	  the	   ferricyanide-­‐ferrocyanide	   redox	   couple.2	  Sensors	   based	  on	  ND	   layers	   have	  been	   proposed;	   such	   layers	   gain	   two	   highly	   conductive	   pathways	   upon	  exposure	   to	   ammonia	  gas	   (where	  only	  one	   conduction	  path,	   several	   orders	  of	  magnitude	  was	  seen	  before	  exposure),	  these	  conduction	  paths	  were	  ascribed	  to	  the	  grain	  interior	  and	  grain	  boundary	  processes3	  –	  opening	  the	  possibility	  of	  ND	  based	  reactive	  gas	  sensors.	  In	  a	  similar	  vein,	  ion-­‐sensitive	  field-­‐effect	  transistor	  (ISFET)	   devices	   have	   been	   demonstrated	   on	   (as	   received)	   ND	   coated	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commercially	  available	  silicon	  ISFETs.	  This	  improved	  a	  device	  for	  the	  detection	  of	   small	   changes	   in	  pH	   (55	  mV/pH,	  very	   close	   to	   the	  Nernst	   limit).4	  Following	  the	  previous	  example,	  off	  the	  shelf	  silicon	  cantilevers	  have	  been	  modified	  with	  ND	  layers	  to	  produce	  sensitivity	  of	  the	  resonant	  frequency	  to	  dinitrotoluene	  (a	  chemical	  analogue	  of	  trinitrotoluene,	  commonly	  referred	  to	  as	  TNT).5	  
	  
NDs	   functionalised	   via	   the	   Fenton	  process	   (leaving	   the	   surface	   largely	  OH	  terminated)	   have	   been	   shown	   to	   enable	   the	   support	   and	   transport	   of	   noble	  metal	   nanoparticles	   in	   order	   to	   act	   as	   a	   quencher	   of	   free	   radicals	   such	   as	  reactive	   oxygen	   species	   inside	   human	   cells.6	  The	   fluorescence	   and	   long	   spin	  coherence	   times	   of	   the	   nitrogen	   vacancy	   centre	   seen	   in	   diamond,	   combined	  with	   the	   minimal	   disruption	   to	   biological	   systems	   upon	   ND	   incorporation,	  extends	   the	   possibility	   of	   real	   time	   detection	   and	  monitoring	   of	   a	  wide	   range	  previously	   inaccessible	  processes	  –	  as	  was	  demonstrated	   in	  human	  HeLa	  cells	  recently.7	  As	   extensively	   discussed	   in	   Chapter	   5,	   NDs	   small	   radii	   of	   curvature	  can	  be	  used	  as	  an	  interface	  between	  solid	  state	  objects	  (such	  as	  glass	  coverslips	  or	   microelectrode	   arrays)	   and	   murine	   hippocampal	   neurons. 8 	  	   NDs	  functionalised	   to	   give	   positive	   zeta	   potentials	   (hydrogen	   and	   hydroxyl	   in	   this	  case)	  were	  found	  to	  exhibit	  a	  significant	  improvement	  over	  traditional	  methods	  of	   adsorption	   of	   mycotoxins	   (toxic	   secondary	   metabolites	   produced	   by	  organisms	   from	   the	   fungi	   kingdom)	   in	   solution.9	  Later	   work	   from	   the	   same	  group	  showed	  ozone	  treated	  ND	  to	  be	  an	  efficient	  absorber	  of	  propidium	  iodide	  dye	   (used	   due	   it	   being	   a	   well	   characterised	   dye	   that	   is	   commonly	   used	   in	  microbiology	   to	   detect	   dead	   cells).10	  ND	   has	   also	   been	   shown	   to	   improve	   the	  mechanical	  characteristics	  of	  biomaterials	  such	  as	  cortical	  bone	  scaffold,	  where	  a	  10%wt	  addition	  of	  octadecylamine	  functionalised	  ND	  (ND-­‐ODA)	  resulted	  in	  an	  increase	   in	   Young’s	   modulus	   of	   200%	   and	   hardness	   by	   800%.11	  ND-­‐ODA,	   in	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addition	  to	  the	  mechanical	  advantages,	  also	  provides	  bright	  fluorescence	  and	  a	  platform	  for	  further	  options	  for	  drug	  loading	  and	  delivery	  through	  subsequent	  chemical	   modification.	   Shenderova	   et	   al.	   also	   reported	   on	   the	   fluorescence	  generated	   by	   ND	   composites.	   Here,	   they	   found	   ND-­‐polymer	   (ND-­‐Polydimethylsiloxane)	   composites	   fluoresced	   under	   a	   flux	   of	   MeV	   protons,	  suggesting	  such	  a	  material	  could	  function	  as	  proton	  dosimeters	  for	  spacecraft.12	   	  	  
	  
ND	  as	  a	  drug	  delivery	  system	  has	  received	  a	  lot	  of	  research	  interest	  recently,	  due	  in	  part	  to	  the	  wide	  range	  of	  possible	  chemical	  combinations	  to	  choose	  from,	  the	  prospect	  of	  drastically	  reducing	  the	  quantity	  of	  drug	  administered	  (reducing	  side	  effects	  and	  costs),	  the	  ability	  to	  target	  specific	  areas	  or	  tissues	  of	  the	  body	  (further	   reducing	   side	   effects),	   and	   the	   ease	   in	   scalability	   of	   such	   a	   vector.	  Examples	   of	   ND	  mediated	   drug	   delivery	   include	  ND-­‐Dexamethasone	   (an	   anti-­‐inflamatory	   and	   immunosuppressant	   steroid) 13 ,	   ND-­‐doxorubicin	  (an	  anthracycline	   antibiotic,	   used	   in	   chemotherapy) 14 ,	   and	   ND-­‐polyethylenimine-­‐siRNA	   (small	   interfering	   ribonucleic	   acid)	   -­‐	   siRNA	   is	   not	   a	  drug	   but	   provides	   therapeutic	   benefits	   such	   as	   the	   enhancing	   of	   GFP	   (green	  fluorescence	  protein)	  plasmid	  transfection	  efficacy.15	  	  
	  
Nickel-­‐ND	   composites	   have	   been	   deposited	   on	   aluminium	   alloy	   (A319),	  resulting	   in	   increased	  hardness	  and	  resistance	  to	  wear.16	  This	   leads	  directly	  to	  the	   possibility	   of	   improving	   the	   durability	   of	   lightweight	   engine	   components.	  Other	  mechanical	  uses	  of	  ND	  include	  engine	  lubrication	  –	  here,	  ND	  dispersed	  in	  lubricant	   (oil	   or	   water	   based,	   depending	   on	   the	   surface	   functionalisation)	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allows	  for	  ~5%	  reduction	  in	  fuel	  consumption,	  although	  the	  mechanism	  for	  this	  improvement	  is	  still	  unclear.17	  
	  
Zhirnov	   et	   al.	   studied	   electron	   field	   emission	   from	   nanodiamonds	  extensively	   in	   2004.	   Here,	   as	   received	   and	   hydrogen	   plasma	   treated	   particles	  were	   contrasted,	   resulting	   in	   lower	   emission	   thresholds	   after	   hydrogen	  treatment.18	  Hydrogen	  functionalised	  nanodiamonds	  are	  also	  being	  investigated	  as	   a	   material	   for	   applications	   in	   molecular	   nano-­‐electronics.	   It	   was	   found	  hydrogen	   terminated	  ND	  has	   a	  high	   concentration	  of	   free	   radicals	   (up	   to	  1021	  spin/g)	   due	   to	   structural	   defects	   (dangling	   C-­‐C	   bonds),	   perhaps	   indicating	   a	  viable	   electrode	   material. 19 	  Recently	   a	   patent	   was	   granted	   indicating	   the	  successful	   production	   of	   conductive	   nanodiamond	   by	   a	   dynamic	   synthesis	  approach.	  Within	  this	  patent	  the	  author	  suggested	  conductive	  ND	  could	  find	  use	  as	   storage	   materials	   for	   batteries	   or	   as	   electrode	   material	   in	   double-­‐layer	  capacitors.	  20	  	   For	   the	   uptake	   of	   functionalised	   ND	   applications	   to	   accelerate,	  reliable	  and	  low	  cost	  functionalisation	  routes	  are	  needed,	  along	  with	  the	  ability	  to	  significantly	  scale	  up	  the	  production	  of	  such	  particles.	  
	  
Whilst	   the	   current	   and	   future	   range	   of	   applications	   of	   ND	   is	   vast,	   only	   a	  small	   amount	   of	  work	   has	   focused	   on	   the	   study	   of	   their	   electrical	   properties.	  This	   work	   aims	   to	   improve	   understanding	   of	   the	   electrical	   properties	   of	   ND	  with	   differing	   surface	   functional	   groups.	   In	   order	   to	   change	   the	   NDs	   surface,	  suitable	  equipment	  for	  ozone	  treatments	  was	  designed	  and	  custom	  built	  by	  the	  author,	   whilst	   an	   existing	   system	   was	   repurposed	   as	   a	   hydrogen	   anneal	  chamber.	  Treatment	  protocols	  were	   then	  developed	  (described	   in	  section	  5.2)	  in	  order	  to	  reliably	  functionalise	  the	  ND	  layers.	  In	  order	  to	  assess	  the	  efficacy	  of	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the	   functionalisation	   Fourier	   transform	   infrared	   spectroscopy	   (FTIR)	   was	  utilised	   during	   the	   protocol	   development	   period	   and	   throughout	   the	  experimental	  procedure	  described	  in	  this	  chapter.	  FTIR	  is	  a	  useful	  technique	  for	  the	   study	   of	   surface	   terminations	   on	  ND	   as	   it	   is	   able	   to	   detect	   species	   of	   low	  atomic	  weight,	  particularly	  as	  hydrogen	  is	  an	  important	  functional	  group	  within	  this	  series	  of	  experiments,	  and	  in	  the	  wider	  field	  of	  ND	  applications.	  	  
	  
Due	   to	   the	   novelty	   involved	   in	   electrical	   characterisation	   of	   ND,	   sample	  preparation	   and	   measurement	   protocols	   were	   also	   developed	   to	   the	   point	  described	   in	  section	  5.2.	   Impedance	  spectroscopy	   (IS)	  was	   then	  performed	  on	  ND	  layers	  in	  both	  sandwich	  and	  planar	  configurations	  at	  the	  maximum	  range	  of	  temperatures	  possible	  in	  the	  equipment	  used.	  This	  was	  done	  in	  order	  to	  study	  thermal	  stability	  and	  the	  progression	  of	  temperature	  dependent	  characteristics.	  Please	  note	  the	  late	  addition	  of	  a	  more	  powerful	  power	  supply	  unit	  enabled	  the	  temperature	   range	   to	   be	   extended	   to	   530°C	   (from	   a	   previous	   maximum	   of	  475°C).	  Additional	  experiments	  were	  performed	  in	  vacuum	  in	  order	  to	  provide	  a	   comparison	   against	   the	   effect	   of	   oxygen	   on	   the	   decomposition	   of	   the	   NDs	  constituent	  components,	  and	  to	  prevent	  adsorbates	   from	  the	  air	  providing	  the	  electron	  sink	  needed	  for	  surface	  conductivity	  (see	  section	  2.2.4).	  	  
	  
Oxygen	  and	  hydrogen	  functionalisations	  were	  chosen	  due	  to	  the	  previously	  reported	  large	  observed	  changes	  in	  surface	  conductivity,21,22	  electron	  affinity23,	  hydrophobicity/hydrophilicity,24	  and	  thermal	  stability25,26	  seen	  in	  various	  forms	  of	  diamond.	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IS	   was	   employed	   for	   this	   study	   due	   to	   its	   previously	   demonstrated	  suitability	   of	   electrically	   investigating	   nano-­‐	   and	   microcrystalline	   materials	   -­‐	  including	  diamond.27,28	  IS	   is	   of	   particular	   use	   in	   this	   instance,	   as	   its	   use	   in	   the	  deconvolution	   of	   the	   conduction	   paths	   seen	   in	   complex	   arrangements	   of	  diamond	  and	  carbon	  materials	  which	  has	  been	  previously	  well	  established.29,30	  Data	  has	  been	  presented	  as	  Bode,	  Cole-­‐Cole	  and	  Arrhenius	  plots.	  	  
	  
Control	  of	   the	  diamond	  surface	  sp2/sp3	  ratio	  has	  been	  widely	   investigated,	  due	   to	   the	   initially	  high	   fraction	  of	   sp2	  material	   in	  untreated	  material,	  and	   the	  superior	  properties	  seen	  after	  sp2	   removal.	  Routes	   to	  achieve	   this	  purification	  are	  generally	  mechanical,	  chemical	  or	  thermal.	  Mechanical	  purification	  through	  wet	  milling	  with	  zirconia	  beads	  was	  the	  first	  method	  reported	  and	  this	  enabled	  the	   deagglomeration	   of	   ND	   into	   single	   (monodisperse)	   particles.34	   Chemical	  routes	   to	   ND	   purification	   include	   ozone, 31 	  acid	   treatment,17	   and	  hydrogenation.22	  Thermally	  induced	  purification	  has	  been	  achieved	  in	  ambient	  conditions	   at	   temperatures	   between	   350-­‐450°C,32	  this	   range	   is	   of	   particular	  interest	  as	  this	  lies	  within	  the	  range	  of	  impedance	  spectroscopy	  measurements	  presented	  below.	  
	  
	  
	  
141	  	  
6.2. Experimental	  methods	  
	  
Sample	   preparation:	   Monodispersed	   DND	   colloid	   was	   bought	   from	  NanoAmando	   (New	   Metals	   &	   Chemicals	   Corporation,	   Japan)	   and	   used	  throughout	  this	  experiment	  series.	  The	  NanoAmando	  colloid	  (hereafter	  referred	  to	   as	   DND)	   has	   been	   subjected	   to	   a	   deagglomeration	   process	   utilising	   wet	  milling	   with	   zirconia33,34	  (see	   section	   2.3.1).	   In	   order	   to	   perform	   IS	   through	  (rather	   than	   across)	   the	   ND	   layer	   a	   sandwich	   arrangement	   was	   produced	   by	  coating	  one	  side	  polished	  (at	  the	  ND-­‐silicon	  interface),	  highly	  conductive	  silicon	  (arsenic	   doped,	   ρ	   =	   0.001	   Ω.cm)	   seeded	  with	   ND	   as	   described	   in	   section	   5.2.	  Note	   this	   results	   in	   a	   ~10	   nm	   thick	   layer	   across	   the	   surface.35	  The	   plate	  separation	   caused	   by	   bowing	   of	   the	   silicon	   plate	   is	   estimated	   to	   be	   less	   than	  2µm	  (using	  a	  Young’s	  modulus	  value	  of	  170	  GPa	  for	  (100)	  silicon	  bending	  in	  the	  (100)	  plane	  and	  an	  upper	  estimate	  of	  100	  N	  force	  exerted	  by	  the	  probe).36	  	  The	  effect	   of	   particle	   seeding	   uniformity	   was	   also	   considered.	   Here,	   AFM	   data	  (Figure	   6.2)	   showed	   the	   point	   of	   maximal	   variation	   to	   be	   30	   nm,	   or	   3-­‐6	   ND	  layers.	   Assuming	   no	   particle	   repositioning	   after	   arranging	   the	   coated	   silicon	  wafers	   into	   a	   sandwich	   arrangement,	   the	   ND	   thickness	   variation	   would	  introduce	   a	   plate	   separation	   of	   60	   nm.	   In	   reality	   there	   may	   be	   some	  repositioning	  and	  this	  value	  would	  drop,	  however	  an	  accurate	  estimation	  of	  this	  drop	  has	  not	  been	  performed.	  This	  gap	  suggests	  none	  of	  the	  ca.	  5nm	  NDs	  are	  in	  contact	  with	  both	  the	  top	  and	  bottom	  plates,	  therefore	  this	  investigation	  is	  into	  the	  combined	  ND	  layer	  response.	  
	  
Preliminary	  experiments	  using	  silicon	  plates	  in	  the	  sandwich	  configuration,	  without	   the	  addition	  of	  nanodiamonds	  showed	  the	  uncoated	  plates	   to	  have	  an	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extracted	  R	  and	  C	  value	  of	  420	  Ω	  and	  9.8	  ×	  10-­‐11	  F	  in	  air	  and	  160	  Ω	  and	  1.1	  ×	  10-­‐
10	  F	  in	  vacuum.	  	  
	  
Figure	  6.1	   Illustration	  describing	   the	  ND	  sandwich	  arrangement	   for	   IS	   readings.	  Top	  
and	  bottom	  plates	  were	  made	  from	  highly	  doped	  silicon	  coated	  with	  DND,	  top	  and	  bottom	  
contacts	  are	  probes	  from	  IS	  kit.	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Figure	  6.2	  Top:	  AFM	  scratched	  area	  of	  ND	  ultrasonically	  coated	  on	  silicon.	  Bottom:	  line	  
scans	  of	  scratched	  areas	  showing	  a	  coverage	  ~10	  nm	  thick.	  Taken	  from	  [37]	  
	  	  	  	  	  	  	  	  
	  For	   thicker	   coatings	   of	   ND,	   the	   method	   known	   as	   drop	   coating	   was	  employed.	  Here,	  a	  silicon	  substrate	  was	  placed	  on	  a	  hot	  plate	  set	  to	  ~100˚C	  and	  a	  couple	  of	  drops	  (enough	  to	  form	  a	  droplet	  on	  the	  substrate’s	  surface	  held	  by	  surface	   tension)	   of	   0.5g/l	   ND	   solution	   in	   water	   was	   dropped	   from	   a	  micropipette	  onto	   the	  hot	   surface	  where	   the	  water	  was	  allowed	   to	  evaporate.	  This	  process	  is	  repeated	  until	  l50µl	  of	  solution	  has	  been	  consumed	  (Figure	  6.3),	  resulting	   in	   ND	   layers	   several	   micrometres	   thick,	   although	   this	   figure	   varies	  widely	  (on	  the	  order	  of	  hundreds	  of	  micrometers)	  due	  to	  the	  random	  nature	  of	  the	   water	   evaporation.	   This	   was	   a	   large	   factor	   behind	   the	   decision	   not	   to	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calculate	   resistivity	   of	   each	   layer,	   as	   the	   variation	   in	   sample	   thickness	   (both	  within	   the	   sample,	   and	   between	   samples)	   made	   such	   deductions	   somewhat	  meaningless.	  All	  sample	  preparation	  procedures	  were	  performed	  in	  a	  class	  100	  cleanroom	  to	  prevent	  airborne	  contamination.	  As	  with	  the	  thin	  ND	  layers,	  there	  was	  expected	  to	  be	  a	  maximal	  silicon	  bowing	  of	  2	  µm.	  Again	  it	  is	  assumed	  that	  no	  individual	  ND	  particle	  spans	  both	  silicon	  plates.	  
	  
Figure	  6.3	  Drop	  coated	  thick	  ND	  layers	  in	  ‘sandwich’	  configuration.	  The	  larger	  bottom	  
silicon	  electrode	  has	  uncoated	  areas	  so	  as	  to	  allow	  the	  IS	  probes	  unfettered	  access	  to	  the	  
highly	  conductive	  silicon	  electrode.	  
	  
Hydrogen	   anneal	   treatment:	   A	   custom	  made	   chamber	   (known	   as	   “Plasma	  king”	  due	  to	  its	  ability	  to	  produce	  a	  DC	  plasma)	  was	  used	  to	  heat	  samples	  in	  an	  atmosphere	  of	  hydrogen	  for	  5	  hours	  at	  500	  ˚C.	  
	  
145	  	  
	  
Treatment	  steps	  
1. The	  chamber	  was	  pumped	  down	  to	  10-­‐5	  torr	  using	  the	  turbo	  pump.	  Once	  this	  pressure	  was	  reached	  the	  turbo	  pump	  was	  turned	  off.	   
2. Hydrogen	  gas	  was	  admitted	  to	  the	  chamber	  and	  the	   flow	  was	  adjusted	  until	   the	   pressure	   in	   the	   chamber	   reached	   10	   torr.	   To	   maintain	   this	  pressure,	  the	  valve	  on	  the	  rotary	  pump	  was	  adjusted	  as	  necessary.	   
3. The	  temperature	  controller	  for	  the	  heating	  plate	  was	  set	  to	  500	  °C	  and	  the	  sample	  heated.	  The	  sample	  was	   left	   in	   these	  conditions	   (10	   torr	  of	  H2	  at	  500	  °C)	  for	  5	  hours.	   
4. After	   5	   hours	   had	   elapsed,	   the	   heating	   plate	   was	   cooled,	   whilst	   still	  maintaining	   the	   10	   torr	   of	   H2	   pressure.	   When	   the	   heating	   plate	   had	  reached	   room	   temperature,	   the	   hydrogen	   flow	   to	   the	   chamber	   was	  stopped	  and	  all	  the	  gas	  line	  valves	  were	  closed.	   
5. The	   chamber	   was	   pumped	   down	   to	   rough	   vacuum	   to	   remove	   the	  hydrogen	   before	   bringing	   it	   up	   to	   atmospheric	   pressure	   to	   open.	   The	  sample	  was	  then	  immediately	  transferred	  to	  the	  FTIR	  for	  analysis	  or	  to	  the	  ozone	  equipment	  for	  oxidation.	   
	  
Ozone	   treatment:	   A	   chamber	   custom	   built	   by	   the	   author	   (see	   section	   4.5)	  was	   used	   in	   conjunction	  with	   a	   commercially	   available	   ozone	   generation	   unit	  (Ozonia	   TOGC2-­‐100201).	   The	   TOGC2	   uses	   corona	   discharge	   to	   create	   up	   to	   4	  g/hr	  with	  dry	  air,	  or	  up	  to	  10	  g/hr	  usin	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Treatment	  steps:	  
1. The	  sample	  was	  placed	  on	  a	  heater	  inside	  the	  custom	  built	  chamber.	   
2. The	  chamber	  was	  pumped	   to	   low	  10-­‐2	   torr,	  using	   the	  rotary	  pump	  but	  through	   the	   turbo	   pump	   connection.	   Whilst	   pumping,	   oxygen	   was	  admitted	  into	  the	  chamber	  via	  a	  valve	  fitted	  connection	  and	  through	  the	  TOGC2.	   The	   flow	   duration	   was	   30	   seconds,	   achieving	   a	   chamber	  pressure	  of	  1-­‐5	  torr.	  The	  valve	  was	  then	  closed	  and	  the	  chamber	  again	  pumped	  to	  low	  10-­‐2	  torr.	  The	  purpose	  of	  this	  step	  was	  to	  flush	  the	  lines	  with	  pure	  oxygen	  gas	  prior	  to	  treating	  the	  sample,	  ensuring	  a	  minimum	  of	   non-­‐oxygen	   species.	   The	   turbo	   pump	   was	   then	   started	   and	   the	  chamber	  was	  pumped	  down	  to	  10-­‐5	  torr.	  The	  sample	  was	  then	  heated	  to	  200°C	  for	  30	  minutes. 
3. The	  oxygen	  gas	  line	  is	  connected	  to	  the	  chamber	  via	  the	  TOGC2.	  Oxygen	  was	   introduced	   into	   the	   chamber	   by	   opening	   the	   required	   valves,	  allowing	  the	  pressure	  to	  rise	  slowly,	  the	  turbo	  pump	  was	  turned	  off	  and	  the	   pumping	   lines	  were	   switched	   in	   order	   to	   protect	   the	   turbo	   pump	  from	   ozone	   damage.	   Using	   a	   combination	   of	   the	   oxygen	   variable	   area	  flow	  meter	  and	  the	  rotary	  pump	   valve,	  a	  chamber	  pressure	  of	  50	  mbar	  was	  established	  and	  maintained.	   
4. The	  ozone	  production	  was	   initiated	  by	   turning	  on	   the	  TOGC2	  unit	  and	  continued	   for	  30	  minutes.	  After	  30	  minutes,	   the	   sample	  was	   cooled	   to	  room	   temperature	   in	   ozone.	   Once	   the	   sample	   had	   reached	   room	  temperature,	   the	   TOGC2	   ozone	   production	   was	   stopped,	   the	   oxygen	  flow	  to	  the	  chamber	  was	  shut	  off	  and	  the	  chamber	  was	  pumped	  down	  to	  remove	  gases	  before	  venting.	  The	   sample	  was	  immediately	  transferred	  to	  the	  nitrogen	  purged	  FTIR	  if	  analysis	  was	  required.	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Impedance	   spectroscopy:	   Measurements	   were	   made	   by	   taking	   the	   coated	  DND	  substrates	  and	  placing	  them	  inside	  the	  Solartron	  1260	  Impedance	  system.	  This	   system	  was	   also	   integrated	  with	   a	   Solartron	   1296	  Dielectric	   Interface	   in	  order	  to	  measure	  the	  high	  impedance	  anticipated	  (the	  1296	  in	  conjunction	  with	  the	  1260	  is	  specified	  to	  the	  range	  of	  100	  -­‐	  1014	  Ω	  and	  0.1	  –	  107	  Hz).38	  The	  sample	  was	   placed	   on	   a	   ceramic	   heater	   inside	   the	   steel	   vacuum	   chamber	   (to	   provide	  electrical	  and	  environmental	  isolation),	  connected	  to	  the	  impedance	  equipment.	  Two	  metal	  probes	  were	  then	  placed	  on	  the	  top	  and	  bottom	  plates	  (see	  	  
Figure	   6.1)	   in	   order	   to	   probe	   through	   the	   ND	   layer.	   Measurements	   were	  then	  taken	  either	  at	  atmospheric	  pressure	  or	  medium	  vacuum	  (10-­‐2	  -­‐	  10-­‐3	  mbar),	  through	  a	   temperature	  range	   from	  room	  temperature	   to	  a	  maximum	  of	  475°C	  (later	   580˚C),	   where	   the	   temperature	   was	   maintained	   for	   10	   minutes	   unless	  otherwise	   specified.	   The	   use	   of	   vacuum	   and	   air	  measurements	   allows	   for	   the	  separation	  of	   the	   influence	  of	  air	  on	   the	  measurement,	  which	   is	   likely	  a	  major	  component.	  The	  full	  range	  of	  frequencies	  was	  always	  used.	  If	  during	  the	  course	  of	  taking	  a	  heated	  measurement	  there	  was	  significant	  change	  in	  the	  magnitude	  of	   the	   impedance,	   the	   sample	   was	   then	   cooled	   to	   room	   temperature	   and	  retested,	   these	   cases	   are	   explicitly	   stated	   on	   the	   graphs’	   legend.	   Control	  measurements	  were	   taken	   using	   uncoated	   silicon	   plates	   to	   ensure	   the	   effects	  observed	  were	  due	   to	   the	  ND	   layers.	  Samples	  were	   tested	  until	  destruction	  or	  the	   limits	   of	   the	   measurement	   equipment	   (e.g.	   loss	   of	   resistivity	   or	   gain	   in	  noise)	  or	  heater	  assembly	  were	  reached.	  
	  
Model	  fitting:	  Data	  obtained	  by	  the	  Solartron	  Impedance	  software	  was	  then	  fitted	  to	  an	  equivalent	  circuit	  model	  using	  ZView	  (Scribner	  Associates).	  Here	  the	  simplified	   Randles	   circuit	   was	   taken	   as	   the	   model’s	   starting	   point,	   with	  additional	   parallel	   RC	   circuits	   added	   if	   necessary	   to	   correctly	   model	   the	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observed	   data	   (i.e.	   overlaying	   semicircles). 39 	  The	   raw	   data	   for	   the	   fitting	  calculations	   are	   included	   in	   Appendix	   A	   with	   their	   respective	   errors.	   The	  modelled	   data	   from	   the	   fit	   (R1	   and	   R2	   if	   applicable)	   was	   then	   used	   to	   draw	  Arrhenius	  plots	  of	  activation	  energy	  against	  inverse	  temperature.	  
	  
	  
	  
Figure	  6.4	  Top:	  Simplified	  Randles	  equivalent	  circuit	  showing	  default	  components	  Rs	  
(series	   resistance,	   where	   applicable),	   R1	   and	   C1	   (1st	   conduction	   path	   resistance	   and	  
capacitance	  respectively)	   in	  solid	   lines.	  The	  dotted	  components	  R2	  and	  C2	  were	  added	   to	  
the	  model	   if	   required	   to	   fit	   the	   observed	   data	   in	   the	   case	   of	   a	   second	   conduction	   path).	  
Bottom:	   Idealised	   Cole-­‐Cole	   plot	   showing	   relationship	   between	   circuit	   components	   and	  
semicircle	  fitted	  data.	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FTIR:	  FTIR	   spectroscopy	   was	   performed	   using	   a	   Perkin	   Elemer	   Spectrum	  One	  FTIR	  Spectrometer.	  Samples	  were	  either	  directly	  drop	  coated	  onto	  (when	  in	   solution),	   or	   scraped	   from	   the	   treatment	   substrate	   onto	   CaF2	  windows	   for	  analysis.	  Drop	  coating	  was	  performed	  in	  a	  clean	  room	  environment	  by	  pipetting	  one	  drop	  at	  a	  time	  of	  concentrated	  solution	  onto	  CaF2	  windows	  placed	  a	  bench	  top	  heater	  set	  to	  ~100	  ˚C.	  Scrape	  coated	  windows	  had	  a	  similar	  volume	  of	  ND	  to	  the	  drop	  coating	  method	  deposited	  on	  it,	  then	  another	  CaF2	  window	  was	  placed	  on	  top	  to	  secure	  the	  loose	  ND	  powder	  between	  the	  windows.	  Note	  monolayers	  of	  ND	  (as	  used	  in	  the	  electrical	  measurements)	  were	  not	  used	  due	  to	  their	  low	  IR	  absorption,	  resulting	  in	  unacceptable	  signal	  to	  noise	  ratio,	  therefore	  the	  drop	  coated	  ND	   layers	  were	   ca.	   300	   nm	   thick.	   	   Both	   styles	   of	   coated	   CaF2	  window	  were	   then	   mounted	   in	   the	   FTIR	   with	   a	   corresponding	   (single	   or	   double)	  uncoated	  reference	  window	  from	  which	  to	  compare	  spectra	  in	  order	  to	  remove	  any	  influence	  of	  the	  CaF2	  window.	  Mounted	  samples	  were	  then	  allowed	  to	  sit	  in	  the	   N2	   environment	   to	   desorb	   water,	   measurements	   were	   taken	   after	   a	   10	  minute	  N2	  purge	  (FTIR	  is	  kept	  under	  nitrogen	  at	  all	  times	  to	  avoid	  introducing	  contaminants.	   Samples	  were	   scanned	   and	   an	   average	  was	   calculated	   over	   10	  minutes	  between	  800	  and	  4000	  cm-­‐1.	  	  
	  
	  
150	  	  
6.3. Results	  and	  discussion	  
	  
6.3.1 Nanodiamond	  surface	  modification	  	  
Figure	   6.5a	   shows	   the	   FTIR	   spectrum	   of	   untreated	   ND.	   Here,	   the	   most	  striking	   feature	   is	   the	   wide	   peak	   between	   3000-­‐3600	   cm-­‐1	   which	   can	   be	  attributed	   to	   the	   covalent	   hydroxl	   bond	   from	   adsorbed	   water.40	  The	   narrow	  peak	   at	   1726	   cm-­‐1	   can	   be	   ascribed	   to	   the	   C=O	   stretch	   seen	   in	   carboxylic	   acid	  groups	  and	  anhydride	  functionalities.41	  Between	  1000	  and	  1500	  cm-­‐1	  there	  is	  a	  convoluted	  set	  of	  peaks	  typical	  for	  ND	  (as	  seen	  in	  figure	  2.11),	   including	  COO¯ˉ,	  C-­‐O-­‐C,	  C-­‐OH	  and	  C-­‐H.42	  	  The	  surface	  state	  after	  hydrogen	  treatment	  is	  shown	  in	  Figure	  6.5b.	  Of	  high	  importance	  is	  the	  strong	  CHx	  stretch	  centred	  at	  2923	  cm-­‐1,	  coupled	  with	  the	  peaks	  at	  1461	  cm-­‐1	  and	  1377	  cm-­‐1	  (CH2	  and	  CH3	  respectively)	  which	  strongly	  indicate	  hydrogenation	  of	  the	  diamond	  surface.43	  Also	  of	  note	  is	  the	   reduced	  occurrence	   of	   the	  C=O	   stretch	   at	   1726	   cm-­‐1	   in	   comparison	   to	   the	  untreated	  surface.	  The	  complete	  absence	  of	  the	  wide	  peak	  between	  3000-­‐3600	  cm-­‐1	   seen	   in	   Figure	   6.5a	   can	   be	   explained	   by	   the	   hydrophobicity	   of	   hydrogen	  terminated	  diamond	  preventing	  readsorption	  of	  water.44	  The	  remaining	  oxygen	  containing	   groups	   were	   likely	   inaccessible	   to	   the	   hydrogen	   gas	   during	  treatment.	   Figure	   6.5c	   shows	   the	   FTIR	   spectrum	   obtained	   after	   the	   ozone	  treatment.	   There	   is	   a	   peak	   at	   1755	   cm-­‐1,	   the	   C=O	   stretch,	   emerging	   from	   the	  anhydride	   peak.	   C-­‐O-­‐C	   and	   C-­‐O	   peaks	   are	   seen	   at	   1249	   cm-­‐1	   and	   1141	   cm-­‐1	  respectively,	   indicating	   oxidation	   of	   some	   bonds.	   However,	   the	   CHx	   stretch	   is	  still	  apparent,	  so	  a	  full	  oxidation	  of	  the	  surface	  has	  not	  taken	  place.	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Figure	   6.5	   FTIR	   spectra	   taken	   on	   (a)	   as	   received	   ND,	   (b)	   hydrogen	   treated	   ND,	   (c)	  
ozone	  treated	  ND,	  (d)	  hydrogen	  then	  ozone	  treated	  ND	  with	  increasing	  N2	  purge	  durations.	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   Figure	   6.5d	   shows	   the	   spectra	   taken	   after	   hydrogen	   and	   subsequent	  ozone	  treatment.	  Of	  high	  importance	  here	  is	  the	  very	  weak	  CHx	  stretch	  –	  when	  compared	  to	  the	  ozone	  only	  treatment,	  there	  is	  a	  greater	  efficacy	  of	  CHx	  removal.	  The	  band	  centred	  around	  1800	  cm-­‐1	   (associated	  with	  cyclic	  acid	  anhydride)	   is	  also	  distinct	  from	  that	  seen	  on	  the	  ozone	  only	  treatment.	  Strong	  peaks	  can	  also	  be	   seen	   at	   1256	   cm-­‐1	   and	   1123	   cm-­‐1	   corresponding	   to	   C-­‐O-­‐C	   and	   C-­‐O	   peaks	  respectively.	  The	  desorption	  of	  water	  from	  the	  surface	  can	  be	  seen	  across	  3000-­‐3750	   cm-­‐1	   with	   increasing	   duration	   of	   N2	   purges,	   suggesting	   a	   hydrophilic	  surface	   –	   corresponding	   to	   oxygen	   terminated	   diamond.44	   	   Shenderova	   et	   al.	  have	   previously	   reported	   on	   the	   use	   of	   ozone	   to	   oxidise	   ND.	   In	   their	  experiments	   80	   nm	   aggregated	   ND	   was	   exposed	   to	   ozone	   for	   72	   hours	   at	  temperatures	   ranging	   between	   150	   and	   200°C.45	  Hence,	   the	   combination	   of	  hydrogen	  and	  ozone	  treatments	  provides	  well-­‐defined	  oxygen	  containing	  peaks	  and	   is	  preferable	   to	  ozone	   treatment	  alone.	  As	  all	   samples	  are	  dried	  before	  or	  during	  processing	  therefore	  the	  adsorbed	  water	  (or	  hydrophilicity)	  seen	  on	  the	  untreated	  and	  oxygenated	  NDs	  should	  not	  be	  a	  contributing	  factor.	  Instead,	  the	  homogenous	  surface	  left	  by	  the	  hydrogen	  treatment	  seems	  to	  provide	  an	  easier	  target	  for	  ozone	  to	  oxygenate	  ND,	  resulting	  in	  short	  treatment	  durations.	  	  
	  
6.3.2 Electrical	  properties	  of	  thin	  nanodiamond	  layers	  	  
Here,	  thin	  ND	  layers	  refers	  to	  substrates	  ultrasonically	  coated	  with	  ND	  to	  a	  thickness	   of	   approximately	   10	   nm,	   as	   described	   in	   section	   5.2.	   A	   note	   on	  symbols	  used:	  Hollow	  symbols	  depict	  measurements	  made	  in	  vacuum,	  and	  solid	  symbols	  for	  measurements	  performed	  in	  air.	  □	  is	  used	  to	  depict	  untreated	  ND,	  depicts	  hydrogen	  terminated	  ND,	  and ○	  depicts	  oxygen	  terminated	  ND.	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Figure	   6.6	   Top:	   Bode	   plot	   of	   untreated	  ND,	  measured	   in	   air	   at	   a	   range	   of	   temperatures.	   A	  
subset	   of	   the	   data	   series	   is	   presented	   in	   chronological	   order	   of	   measurement	   temperatures	  
performed	   throughout	   the	   experiment.	   Note:	   Due	   to	   the	   close	   proximity	   of	   many	   of	   the	   data	  
points	  in	  this	  figure,	  a	  line	  graph	  is	  presented	  to	  aid	  the	  reader.	  Bottom:	  Phase	  plot	  of	  untreated	  
ND	  measured	  in	  air.	  
6.3.2.1 Untreated	  nanodiamond	  
Air	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Figure	  6.6	  shows	  the	  ND	  layer	  to	  have	  a	  surprisingly	  high	  impedance	  at	  1010	  -­‐	   1011	   Ω,	   similar	   to	   both	   bulk	   diamond	   and	   aggregated	   nanodiamond.46	  The	  behaviour	  with	  measurement	   frequency	   also	  mimics	   a	   high	   quality	   dielectric,	  where	   effective	   resistance	   falls	   with	   rising	   measurement	   frequency.	   Low	  frequency	   impedance	   is	   reduced	   with	   rising	   measurement	   temperature,	  although	  upon	  returning	  the	  ND	  layer	  to	  room	  temperature,	  the	  low	  frequency	  impedance	  fully	  recovers	  indicating	  typical	  semiconductive	  behaviour.	  However,	  once	  the	  sample	  was	  heated	  to	  425°C	  the	  full	  range	  of	  frequencies	  could	  not	  be	  acquired,	  due	  to	  excessive	  noise	  in	  the	  measurement.	  At	  this	  point	  the	  dielectric	  properties	  have	  been	   lost	  and	   the	  observed	   low	   impedance	   is	   retained	  after	  a	  return	  to	  room	  temperature,	  indicating	  a	  structural	  change	  to	  the	  ND	  layer.	  This	  onset	  temperature	  is	  slightly	  lower	  than	  that	  reported	  by	  Lee	  et	  al.	  for	  150-­‐600	  nm	   CVD	   diamond	   spheres	   heated	   in	   dry	   oxygen	   (450°C),47	  although	   the	   large	  change	   in	  dimensions	   from	   the	  CVD	  diamond	  spheres	   to	  ND	  could	  adequately	  account	   for	   this.	   It	   should	   be	   noted	   that	   due	   to	   the	   production	   method,	   the	  surface	  of	  CVD	  diamond	  spheres	  are	  hydrogen	  terminated.	  
155	  	  
	  
Figure	  6.7	  selection	  of	  Cole-­‐Cole	  plots	  (real	  versus	  imaginary	  components	  of	  impedance	  as	  
a	  function	  of	  measurement	  frequency)	  of	  untreated	  ND	  layers	  in	  air	  between	  25	  and	  150°C.	  As	  
the	   Cole-­‐Cole	   plot	   uses	   linear	   axes	   to	   represent	   the	   semicircular	   response,	   and	   these	  
responses	  often	  vary	  by	  several	  orders	  of	  magnitude,	  only	  measurements	  of	  interest	  that	  fit	  on	  
one	   graph	  will	   be	   presented	   in	   order	   to	   prevent	   this	   data	   from	   overwhelming	   this	   chapter.	  
Frequency	  values	  have	  been	  added	  to	  graph	  to	  aid	  recognition	  of	  differing	  applied	  AC	  voltage	  
frequency.	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The	  Cole-­‐Cole	  plot	   in	  Figure	  6.7	   indicates	  only	  one	  semicircle	  can	  be	   fitted	  per	   measurement	   temperature	   and	   hence	   only	   one	   observed	   conduction	  mechanism.48	  This	   conduction	   path	   exhibited	   a	   capacitance	   in	   the	   picofarad	  range	   at	   all	   measurement	   temperatures.	   Picofarad	   capacitance	   has	   been	  reported	  previously	  to	  indicate	  grain	  interior	  conduction	  in	  polycrystalline	  film	  (whereas	  nanofarad	  capacitance	  is	  associated	  with	  grain	  exterior	  conduction).49
Figure	   6.8	   Arrhenius	   plot	   showing	   activation	   energy	   for	   semicircular	   responses	  
from	  untreated	  ND	  layers	  in	  air.	  Fitted	  activation	  energies	  are	  plotted	  in	  a	  dotted	  line	  to	  
aid	  recognition.	  
-97 meV 
140 meV 
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   Figure	   6.8	   shows	   the	  Arrhenius	   plot	   (natural	   logarithm	  of	   the	  R	   value	  calculated	   from	   the	   fitted	   semicircles	   from	   the	   Cole-­‐Cole	   plots,	   plotted	   as	   a	  function	   of	   reciprocal	   temperature)	   of	   the	   untreated	  ND	   layers.	   The	   slopes	   of	  the	   Arrhenius	   plot	   can	   then	   be	   equated	   to	   activation	   energy	   for	   the	   given	  temperature	  range	  using	  the	  Arrhenius	  equation:	  
	  	   	   	   	   	   (6.1)	  
where	  R	  is	  the	  resistance	  of	  the	  fitted	  semicircle,	  Ea	  is	  the	  activation	  energy,	  
k	  is	  the	  Boltzman	  constant	  expressed	  in	  eV	  K-­‐1,	  T	  is	  the	  temperature,	  and	  A	  is	  a	  
constant	  (the	  pre-­‐exponential	  factor). 	  	   	   	  	   	   (6.1	   is	  of	   the	   form .	  Therefore	   the	  activation	  energy	  
can	  be	  taken	  as:	  
	   	  	   	   	   	   (6.2)	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Hence,	  Figure	  6.8	  shows	  two	  distinct	  regimes	  with	  a	  rapid	  transition	  phase.	  The	  activation	  energy	  of	  the	  untreated	  ND	  between	  25-­‐125°C	  was	  found	  to	  be	  -­‐97	   meV	   (with	   a	   standard	   error	   (S.E.)	   of	   12	   meV).	   For	   the	   transitional	   phase	  between	  150	  and	  185°C	  Ea	  =	  3.3	  eV	  (S.E	  =	  0.47	  eV),	  and	  between	  185	  and	  350°C	  Ea	   =	   140	   meV	   (S.E	   =	   110	   meV).	   	  The	   ca.	   -­‐100	   meV	   activation	   energy	   seen	  between	   25-­‐125°C	   is	   likely	   to	   have	   arisen	   from	   the	   evaporation	   of	   water	  adsorbed	  on	  the	  surface50	  (see	  Figure	  6.5(a)),	  which	  is	  readsorbed	  upon	  cooling	  to	  room	  temperature.	  The	  activation	  energy	  seen	  at	  higher	  temperatures	  (185	  and	   350°C),	   whilst	   of	   a	   similar	   magnitude	   to	   the	   lower	   temperature	   trend	  (higher	   on	   the	   reciprocal	   temperature	   scale)	   is	   likely	   due	   to	   the	   thermal	  activation	  of	  trap	  states	  originating	  from	  defects	  and	  impurities	  within	  the	  ND.	  
	  
6.3.2.2 Hydrogen	  terminated	  nanodiamond	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Figure	  6.9	  Top:	  Bode	  plot	   of	   hydrogen	   terminated	  ND	   in	   air.	   Successive	   cycling	  between	   temperatures	  
near	   the	   permanent	   deformation	   point	   of	   untreated	   ND	   (seen	   in	   Figure	   6.6)	   and	   room	   temperature	  were	  
performed	  to	  compare	  temperature	  stability.	  Bottom:	  Phase	  plot	  of	  hydrogen	  terminated	  ND	  in	  air.	  
Figure	  6.10	  Cole-­‐Cole	  plot	  of	  hydrogen	  terminated	  ND	  layer	  measured	  at	  300°C.	  Two	  
semicircular	  responses	  are	  observed	  and	  have	  been	  fitted	  to	  the	  plot	  to	  aid	  recognition.	  
0.1 Hz 
10 
MHz 
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The	  primary	   observation	   from	  Figure	   6.9	   is	   the	   low	   frequency	   impedance	  response	  is	  three	  orders	  of	  magnitude	  lower	  than	  that	  seen	  in	  Figure	  6.6,	  at	  106	  -­‐	  107Ω.	  This	  observed	  drop	  is	  likely	  due	  to	  surface	  transfer	  doping,	  as	  has	  been	  reported	  on	  ND	  by	  other	  groups	  very	  recently.22,	  26	  The	  recovery	  of	  the	  original	  room	  temperature	  impedance	  occurs	  at	  higher	  temperatures	  than	  the	  untreated	  ND	  layers,	  a	   full	  24	  hours	  after	  heating	  to	  475°C	  for	  10	  minutes,	  no	  significant	  permanent	   change	   is	   detected	   at	   room	   temperature.	   This	   suggests	   hydrogen	  termination	   provides	   greater	   protection	   against	   the	   permanent	   damage	  inflicted	  at	  higher	  temperatures.	  Indeed,	  hydrogen	  termination	  of	  bulk	  diamond	  has	   long	   been	   known	   to	   stabilise	   the	   surface	   during	   and	   after	   CVD	   growth,	  preventing	  the	  transition	  to	  other	  phases,	  such	  as	  graphite.51	  However	  after	  one	  hour	  of	  heating	   to	  475°C	   it	   is	  apparent	   that	  upon	  return	   to	  room	  temperature	  (RT	  after	  1	  hr	  475	  (°C))	  the	  impedance	  does	  not	  begin	  to	  revert	  to	  the	  initially	  observed	   impedance	   levels.	   Subsequent	   measurements	   at	   room	   temperature	  showed	   no	   change.	   Instead	   the	   layer	   remains	   much	   like	   that	   seen	   at	   475°C,	  indicating	  a	  permanent	  structural	  change	  has	  occurred.	  
	  
Whilst	  only	  one	  semicircular	  response	  could	  be	  determined	  between	  30	  and	  250°C	   from	   the	   Cole-­‐Cole	   plots,	   a	   second	   semicircle	   emerges	   between	   300-­‐400°C	  (Figure	  6.10)	  and	  is	  still	  apparent	  upon	  cooling	  to	  room	  temperature.	  The	  second	   conduction	   path	   only	   becomes	   apparent	   at	   temperatures	   beyond	   the	  boiling	  point	  of	  water,	  which	  is	  required	  for	  surface	  conductivity.	  Therefore	  this	  second	   conduction	   path	   cannot	   be	   ascribed	   to	   hydrogen	   induced	   surface	  conductivity.	   However	   this	   second	   conduction	   path	   is	   maintained	   once	   the	  sample	  is	  returned	  to	  room	  temperature.	  Therefore	  this	  trend	  could	  be	  present	  at	   lower	   temperatures,	   but	  masked	   by	   the	   larger,	   lower	   frequency	   semicircle.	  Figure	   6.10	   shows	   the	   first	   emergence	   of	   the	   second	   semicircle	   at	   300°C	   and	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Figure	   6.11	   Arrhenius	   plot	   of	   two	   conduction	   paths	   observed	   on	   hydrogen	  
terminated	  ND	  layer.	  
highlights	   the	   limit	   in	   resolving	   closely	   positioned	   conduction	   paths.	   The	  semicircles	  fitted	  to	  the	  data	  presented	  in	  Figure	  6.10	  were	  determined	  to	  show	  capacitance	  magnitude	   in	   the	   tens	  of	  picofarads,	   only	  one	  order	  of	  magnitude	  greater	   than	   the	   untreated	   ND	   layers,	   indicating	   a	   similar,	   if	   slightly	   less	  ordered,	  material	  through	  which	  the	  conduction	  mechanism	  passes.	  
	  
Figure	  6.11	  shows	  an	  Arrhenius	  plot	  of	  the	  extracted	  semicircular	  responses	  seen	  on	  a	  hydrogen	  terminated	  ND	  layer.	  For	  the	  first	  semicircle,	   two	  or	  three	  regimes	   are	   apparent.	   Assuming	   the	   temperature	   range	   of	   30-­‐300°C	   is	   two	  distinct	  processes	  then	  between	  30-­‐100°C	  Ea	  =	  110	  meV	  (S.E	  =	  30	  meV),	  and	  for	  100-­‐300°C	  Ea	  =	  400	  meV	  (S.E	  =	  20	  meV).	  Taking	  30-­‐300°C	  to	  be	  one	  continuous	  trend	  then	  between	  30-­‐300°C	  Ea	  =	  260	  meV	  (S.E	  =	  30	  meV).	  For	  375-­‐	  475°C	  Ea	  =	  2	  eV	  (S.E	  =	  130	  meV).	  The	  second	  semicircle	  has	  a	  negative	  activation	  energy	  of	  -­‐270	   meV	   (S.E	   =	   85	   meV)	   between	   300-­‐400°C.	   The	   low	   temperature	   range	  
110 meV 
400 meV 
-270 meV 
2 eV 
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activation	   energy	   is	   again	   likely	   due	   to	   the	   removal	   of	   the	   adsorbed	   wetting	  layer.	  The	  mid-­‐level	  activation	  energy	  (100-­‐300°C)	  is	  due	  either	  to	  the	  removal	  of	  adsorbed	  gas	  (ND	  has	  a	  very	  high	  sorption	  capacity	  between	  150-­‐450	  m2	  g-­‐
1),52	  or	   just	  through	  previously	  reported,	  unspecified	  defects	  shown	  to	  have	  an	  activation	  energy	  at	  400	  meV.53	  The	  activation	  energy	  seen	  above	  375°C	   is	   far	  greater	   than	   those	   previously	   seen.	   At	   2	   eV	   this	   activation	   energy	   is	  substantially	   lower	   than	   reported	   in	   the	   literature.	   A	   value	   of	   ~80	  kcal	  mol-­‐1	  (corresponding	   to	   3.47	   eV)	   was	   found	   by	   Su	   et	   al.	   through	   temperature	  programmed	  desorption,	  however	  this	  was	  performed	  on	  {100}	  orientated	  bulk	  diamond	   at	   UHV	   pressures	   (2×10-­‐10	   Torr)	  54 	  and	   hence	   cannot	   be	   directly	  compared	  to	  the	  present	  case.	  Studies	  on	  the	  thermal	  decomposition	  of	  ND	  (at	  10-­‐5	  Torr)	  show	  the	  onset	  of	  CHx	  groups’	  desorption	  to	  be	  ca.	  750°C,	  55	  far	  below	  the	   temperature	   reached	   in	   this	   experiment.	   	   Additionally,	   the	   fact	   the	  impedance	   values	   recover	   upon	   return	   to	   room	   temperature	   (at	   least	   below	  475°C)	  indicates	  the	  hydrogen	  termination,	  and	  hence	  the	  surface	  conductivity,	  is	  not	  lost.	  
	  
Zhao	   et	   al.	   calculated	   the	   size	   dependence	   of	   the	   onset	   of	   nanodiamond-­‐graphite	   transition. 56 	  Their	   calculations	   suggest	   5	   nm	   ND	   would	   undergo	  graphitisation	   as	   low	   as	   425°C.	   Indeed	   this	   theoretical	   prediction	   was	   later	  confirmed	   by	   the	   work	   of	   Osswald	   et	   al.	   who	   showed	   that	   below	   375°C,	  oxidation	  in	  air	  was	  not	  detected,	  however	  above	  450°C	  both	  sp2	  and	  sp3	  carbon	  are	  oxidised.	  Therefore,	  the	  activation	  energy	  seen	  in	  Figure	  6.11	  between	  375-­‐	  475°C	   is	   likely	   the	  oxidation	  of	  graphite	  with	  a	  possible	  contribution	   from	  the	  early	   stages	   of	   diamond	   oxidation.	   Finally,	   the	   onset	   of	   the	   second	   semicircle	  results	   in	   an	   observed	   negative	   activation	   energy	   suggesting	   a	   barrierless	  reaction	   where	   increasing	   the	   temperature	   decreases	   the	   probability	   of	   the	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excitation	   of	   a	   charge	   carrier.	   In	   isolation,	   this	   may	   be	   due	   to	   detrapping	   at	  defect	   sites,	   however	   as	   previously	   discussed	   the	   close	   proximity	   of	   a	   larger	  semicircle	  (e.g.	  Figure	  6.10)	  may	  be	  preventing	  the	  identification	  of	  this	  trend	  at	  lower	  measurement	  temperatures.	  	  
	  
Vacuum	  
Figure	  6.12	  Bode	  and	  phase	  plot	  of	  hydrogen	  terminated	  ND	  in	  vacuum	  (10-­‐3	  mbar).	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Figure	   6.12	   shows	   the	   stark	   difference	  when	  measuring	   hydrogen	   treated	  ND	   in	   vacuum,	   as	   the	   room	   temperature	   impedance	   is	   three	   orders	   of	  magnitude	   greater	   than	   that	   seen	   in	   air.	   As	   such,	   the	   layer	   more	   closely	  resembles	   the	   response	   seen	   in	   untreated	   or	   oxygen	   terminated	   ND	   layers	  (Figure	   6.6	   and	   Figure	   6.15	   respectively).	   This	   corroborates	   the	   evidence	  presented	   in	   Figure	   6.9	   of	   the	   hydrogen	   treatment	   inducing	   surface	   transfer	  doping	   as	   this	   effect	   is	   not	   seen	   in	   vacuum	   due	   to	   the	   removal	   of	   necessary	  surface	  adsorbates	  (see	  section	  2.2.4).	  Above	  150°C	  the	  behaviours	  of	  the	  layers	  are	   largely	   identical,	   as	   would	   be	   expected	   of	   a	   conduction	   mechanism	   that	  relies	  on	  the	  presence	  of	  a	  wetting	  layer	  and	  adsorbates.	  
Figure	  6.13	  Cole-­‐Cole	  plot	   of	  Hydrogen	   terminated	  ND	   layer	  measured	   in	   vacuum.	   For	  
the	  data	  presented	  at	  150°C.	  Two	  semicircular	  responses	  are	  apparent.	  	  
0.1 Hz 
10 
MHz 
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In	  contrast	  to	  the	  data	  acquired	  in	  air,	  hydrogen	  terminated	  ND	  in	  vacuum	  show	   two	   conduction	   paths	   below	   150°C.	   The	   primary	   conduction	   path	   does	  not	   show	   as	   great	   a	   disparity	   between	   vacuum	   and	   air	  measurements	   in	   the	  magnitudes	   of	   room	   temperature	   impedance	   (1010	   and	   106	   Ω	   respectively).	  Instead,	  the	  gap	  is	  narrowed	  to	  107	  and	  106	  Ω,	  so	  whilst	  the	  bode	  plots	  indicate	  similar	   room	   temperature	   behaviour	   between	   untreated	   ND	   in	   air	   and	  hydrogen	   terminated	   ND	   in	   vacuum,	   closer	   analysis	   of	   the	   data	   reveals	   this	  relationship	  only	  holds	  for	  the	  absolute	  magnitude	  of	  impedance.	  	  Interestingly,	  the	  second	  conduction	  path	  in	  vacuum	  is	  of	  the	  same	  order	  of	  magnitude	  as	  that	  seen	  above	  300°C	   in	  air,	   lending	  some	  weight	   to	   the	  earlier	  proposition	  that	  a	  second	   conduction	   path	   does	   exist	   below	   300°C	   in	   air,	   buried	   by	   a	   closely	  situated	   semicircle.	   Both	   vacuum	   and	   air	   measurements	   show	   the	   second	  semicircle	  to	  remain	  upon	  return	  to	  room	  temperature.	  
540 meV 
80 meV 
Figure	  6.14	  Arrhenius	  plot	  of	  primary	  and	  secondary	  conduction	  paths	  seen	  on	  
hydrogen	  terminated	  ND	  measured	  in	  vacuum.	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Figure	  6.14	  shows	  an	  Arrhenius	  plot	  of	  the	  extracted	  semicircular	  responses	  seen	  on	  a	  hydrogen	  terminated	  ND	  layer	  measured	  in	  vacuum.	  Due	  to	  the	  noise	  observed,	   it	   is	   difficult	   to	   ascertain	   whether	   the	   primary	   semicircle	   is	   one	  regime	   or	  more.	   Fitting	   the	   entire	   range	   yields	   Ea	   =	   540	  meV	   (S.E	   =	   94	  meV)	  between	  30	  and	  475°C.	  There	  is	  a	  greater	  incidence	  of	  noise	  around	  the	  second	  semicircle	  where	  between	  30-­‐150°C	  Ea	  =	  80	  meV	  with	   a	   rather	  high	   standard	  error	  (S.E	  =	  170	  meV).	  As	  a	  result	  of	  this	  somewhat	  unreliable	  data	  it	  is	  difficult	  to	  draw	  firm	  conclusions	  from	  the	  Arrhenius	  plots.	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6.3.2.3 Oxygen	  terminated	  nanodiamond	  
Air	  
Figure	  6.15	  Bode	  and	  corresponding	  phase	  plot	  of	  oxygen	  terminated	  ND,	  measured	  in	  air.	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Figure	   6.15	   goes	   some	   way	   to	   indicate	   the	   difficulty	   in	   taking	   a	   suitable	  measurement	  on	  oxygen	  terminated	  ND	  in	  air.	  The	  data	  is	  initially	  highly	  noisy	  at	  room	  temperature,	  however	  beyond	  a	   temperature	  of	  150°C	  measurements	  were	  not	  possible	  due	  to	  the	  sample	  becoming	  too	  conductive.	  Therefore	  it	  was	  ascertained	  that	  permanent	  damage	  had	  occurred	  through	  the	  ND	  layer	  at	  a	  far	  lower	  temperature	  (200°C)	  than	  that	  seen	  on	  either	  the	  untreated	  or	  hydrogen	  terminated	   samples.	   The	   sample	   was	   subsequently	   slowly	   cooled	   and	  measurements	   taken	   at	   regular	   temperature	   intervals	   to	   investigate	   at	   what	  point	   the	   sample	   became	   measureable	   again.	   It	   was	   found	   the	   oxygen	  terminated	  ND	  had	  a	   far	   lower	   impedance,	  approximately	  105	  Ω,	  and	   this	  was	  only	  weakly	  temperature	  dependent.	  This	  difficulty	   is	   likely	  due	  to	  the	  oxygen	  termination	  hastening	  the	  onset	  of	  graphitisation,	  possibly	  accelerated	  through	  the	   increased	   presence	   of	   adsorbed	   water	   (see	   Figure	   6.5(d))	   due	   to	   the	  hydrophilic	   nature	   of	   oxygen	   terminated	   ND.	   Previous	   studies	   have	   shown	  water	  to	  act	  as	  a	  catalyst	  for	  the	  graphitisation	  of	  40-­‐60	  nm	  ND	  particles	  in	  high	  pressure	   high	   temperature	   conditions	   (2	   GPa,	   1060-­‐1760	   K),57	  therefore	   it	   is	  likely	   that	   this	   mechanism	   is	   amplified	   for	   smaller	   particles	   and	   hence	   this	  effect	  could	  be	  observed	  at	  ambient	  pressure	  and	  a	  temperature	  of	  200°C.	  The	  oxygen	   in	   the	   air	   also	   has	   an	   effect.	   Danilenko	   reported	   that	   the	   exclusion	   of	  oxygen	  caused	  a	  three	  orders	  of	  magnitude	  shift	  in	  rates	  of	  graphitisation	  over	  a	  22	  year	  period	  at	  room	  temperature.58	  This	  work	  found	  the	  shells	  of	  NDs	  were	  first	  graphitised,	   then	  oxidised	   leaving	  a	   smaller	   core	   size	  of	  ND.	  This	  process	  would	  continue	  until	  the	  ND	  reached	  a	  core	  size	  around	  4	  nm	  where	  a	  dramatic	  graphitisation	  of	   the	   entire	  particle	  would	   take	  place.	  This	  process	   reportedly	  occurred	   at	   800	   K,	   far	   above	   the	   temperatures	   used	   in	   the	   current	   study,	  however	  it	  is	  likely	  that	  this	  process	  is	  occurring,	  albeit	  at	  a	  greatly	  reduced	  rate.	  This	  might	   provide	   insight	   into	  why	   at	   high	   temperature	   the	   ND	   layer	   is	   too	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conductive	   to	   measure	   -­‐	   the	   thermal	   activation	   of	   carriers	   as	   seen	   in	   the	  untreated	   and	   hydrogen	   terminated	   ND,	   combined	   with	   the	   graphitisation	   of	  the	  ND	  shell,	  causes	  effective	  conduction	  routes	  through	  the	  ND	  layer,	  causing	  a	  collapse	  in	  measured	  impedance.	  Upon	  return	  to	  sub-­‐critical	  temperatures	  (i.e.	  100°C)	  the	  removal	  of	  the	  thermally	  activated	  carriers	  leaves	  the	  ND	  layer	  with	  an	   impedance	   response	   between	   that	   of	   pure	   ND	   (or	   bulk	   diamond)	   and	  graphite,	   where	   the	   isolated	   graphitic	   regions	   do	   not	   yet	   form	   a	   continuous	  conduction	  path.	  	  	  
Figure	  6.16	  Cole-­‐Cole	  plot	  of	  oxygen	  terminated	  ND	  measured	  in	  air.	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Figure	   6.17	   Top:	   Bode	   and	   phase	   plot	   of	   oxygen	   terminated	   ND	   in	   vacuum.	   Successive	   cooling	   stages	   were	  
performed	  in	  an	  attempt	  to	  find	  the	  temperature	  where	  permanent	  reduction	  of	  the	  impedance	  occurs.	  Additionally,	  a	  
large	  cooling	  period	  was	  performed	  to	  investigate	  the	  recovery	  of	  impedance	  at	  room	  temperature.	  
Figure	  6.16	  shows	  the	  single	  conduction	  path	  seen	  in	  oxygen	  terminated	  ND	  layers.	   The	   measurements	   that	   were	   achieved	   showed	   a	   wide	   range	   of	  resistance	   values	   associated	   with	   the	   fitted	   semicircles	   in	   a	   very	   narrow	  temperature	  window	   -­‐	   1010	  Ω	   for	   50°C,	   and	   103	  Ω	   for	   150°C.	   The	   data	   points	  extracted	   from	   this	  experiment	  are	   insufficient	   to	  draw	  conclusions	   from,	  and	  therefore	  will	  not	  be	  presented.	  	  	  
Vacuum	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Figure	   6.17	   shows	   an	   initial	   impedance	   of	   108	   Ω,	   2-­‐3	   decades	   lower	   than	  that	  observed	  at	  atmospheric	  pressure.	  This	   lies	  close	  to	  the	   initial	   impedance	  seen	  on	  hydrogen	  terminated	  diamond	  when	  measured	  in	  vacuum	  and	  may	  be	  due	   to	   the	   removal	   of	   surface	   adsorbates	   that	   aid	   conduction	   through	   the	  wetting	   layer,	   as	   after	   heating	   and	   once	   the	  ND	   layer	   has	   had	  18-­‐24	  hours	   to	  recover,	  the	  impedance	  is	  a	  full	  order	  of	  magnitude	  higher	  than	  the	  initial	  value.	  This	   recovery	   behaviour	   is	   distinct	   to	   the	   previous	   experiments,	   where	  permanent	   change	   to	   the	   impedance	   was	   observed.	   In	   this	   case,	   the	   overall	  increase	   in	   impedance	   suggests	   the	   heating	   and	   cooling	   stages	   are	   removing	  graphitic	  deposits.	  
	  
	  
Figure	   6.18	   Cole-­‐Cole	   plots	   of	   original	   and	   recovered	   impedance	   values	   from	   oxygen	  
terminated	  ND	  layers	  in	  vacuum.	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Figure	   6.18	   depicts	   the	   recovery	   of	   impedance	   after	   several	   heating	   and	  cooling	   cycles.	   Both	   sets	   of	   data	   exhibit	   a	   high	   degree	   of	   noise,	   however	  semicircle	   fits	   before	   and	   after	   exposure	   to	   475°C	   yield	   extracted	   resistance	  values	  only	  one	  order	  of	  magnitude	  apart.	  All	  extracted	  capacitance	  values	  are	  of	  the	  10	  pF	  order	  of	  magnitude,	  indicating	  crystalline	  material	  remains.	  At	  the	  peak	   temperature,	   the	   only	   conduction	   path	   seen	   was	   ca.	   5	   kΩ	   (C	  =	  95	   pF),	  however	   when	   measured	   immediately	   after	   return	   to	   room	   temperature	  (25	  minutes	  later)	  two	  conduction	  paths	  were	  visible,	  with	  the	  primary	  at	  3×108	  Ω	   (C	  =	  88	  pF)	   and	   the	   secondary	   at	   10	   kΩ	   (C	   =	   5	   pF).	   The	   observed	   shift	   in	  capacitance	  was	   the	   only	   observed	   occurrence.	   This	   effect	  was	   not	   seen	   after	  further	  time	  at	  room	  temperature.	  Therefore	  considering	  the	  noise	  on	  the	  data,	  and	   the	   single	   occurrence,	   it	   is	   difficult	   to	   draw	   firm	   conclusions	   from	   this	  observation.	  
Figure	  6.19	  Arrhenius	  plot	  of	   the	  extracted	  conduction	  path	   resistance	  values,	  
taken	  on	  oxygen	  terminated	  ND	  layers	  in	  vacuum.	  	  
47 meV 
220 meV 
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The	   Arrhenius	   plot	   resembles	   that	   of	   untreated	  ND	  measured	   in	   air,	  with	  two	   distinct	   regions	   separated	   by	   a	   sudden	   shift	   in	   extracted	   resistance	   at	  200°C.	  For	  the	  first	  region	  between	  30	  and	  150°C,	  Ea	  =	  47	  meV	  (S.E	  =	  8.5	  meV),	  whereas	  for	  the	  second	  high	  temperature	  region	  between	  200-­‐475°C,	  Ea	  =	  220	  meV	   (S.E	   =	   96	   meV).	   Neither	   value	   for	   Ea	   is	   of	   the	   order	   expected	   for	   ND	  graphitisation,	  suggesting	  only	  desorption	  and	  oxidation	  processes	  occurring	  on	  the	  oxygen	  terminated	  ND	  layer.	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6.3.3 Electrical	   properties	   of	   thick	   hydrogen	   terminated	   ND	  
layers	  Note	  thick	  ND	  layers	  refers	  to	  layers	  several	  micrometers	  thick	  deposited	  using	  the	  drop	  coating	  method	  described	  in	  section	  5.2.	  
Vacuum	  	  
Figure	  6.20	  Bode	  and	  plot	  of	  hydrogen	  terminated	  thick	  ND	  layer	  measured	  in	  vacuum.	  Improvements	  
to	   the	   heating	   assembly	   allowed	   for	   higher	   recording	   temperatures.	   Data	   series	   ending	   in	   ‘A’	   denotes	  
second	  round	  of	  heating	  after	  19	  hours	  at	  room	  temperature.	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In	   an	   attempt	   to	   overcome	   the	   extremely	   noisy	   data	   seen	   on	   hydrogen	  terminated	   thick	  ND	   layers,	  measurements	   in	   vacuum	  were	  performed	  with	  a	  greater	   amplitude	   of	   applied	   AC	   voltage,	   5	   V	   in	   the	   present	   case	   (as	   a	  comparison,	   0.01	   V	   was	   used	   for	   thin	   hydrogen	   terminated	   ND	   layers).	  Successive	  heating	  and	  cooling	  cycles	  were	  performed	  in	  an	  attempt	  to	  find	  the	  temperature	   beyond	   which	   the	   electronic	   properties	   have	   been	   destroyed.	  Figure	   6.20	   shows	   the	   thick	   layer	   behaves	   in	   a	   similar	   fashion	   to	   oxygen	  terminated	  ND	  (Figure	  6.17),	  where	  when	  given	  sufficient	  time	  to	  recover,	   the	  original	   impedance	   value	   returns.	   The	   initial	   impedance	   value	   is	   very	   high,	  similar	  to	  that	  seen	  on	  bulk	  diamond.27	  	  
Figure	  6.21	  Cole-­‐Cole	  plot	  of	  hydrogen	   terminated	   thick	  ND	   layer	  measured	   in	  vacuum.	  
Data	   series	   ending	   in	   ‘A’	   denotes	   second	   round	   of	   heating	   after	   19	   hours	   at	   room	  
temperature.	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The	   Cole-­‐Cole	   plot	   presented	   in	   Figure	   6.21	   presents	   features	   not	   seen	   in	  any	  of	  the	  preceding	  experiments	  –	  semicircular	  responses	  in	  the	  positive	  plane	  of	  the	  imaginary	  impedance.	  Such	  features	  normally	  correspond	  to	  a	  measured	  inductance,	   however	   such	   an	   interpretation	   is	   unlikely	   as	   the	   degree	   of	  diamagnetic	   permeability	   seen	   in	   diamond	   is	   very	   low,	   at	   -­‐2.1	   ×	   10-­‐5. 59	  	  Therefore	  a	  more	  likely	  explanation	  lies	  in	  use	  of	  high	  excitation	  voltages	  across	  the	   relatively	   thin	   ND	   layer	   (on	   the	   order	   of	   micrometers),	   leading	   to	   field	  strengths	   outside	   diamond’s	   electrochemical	  window	   (approximately	   3.5	  V).60	  Consequently,	   this	   drives	   redox	   reactions	   at	   the	   diamond	   surface	   which	   are	  then	  measured	  as	  positive	   imaginary	   impedance.	  When	  observed	  on	  Cole-­‐Cole	  plots	  this	  effect	  is	  dubbed	  pseudocapacitance.	  Two	  pseudocapacitive	  effects	  are	  seen	   in	   Figure	   6.21	   at	   530°C,	   and	   were	   also	   observed	   at	   540°C,	   all	   other	  measurements	  exhibited	  only	  one	  pseudocapacitive	  semicircle.	  	  
Figure	  6.22	  Arrhenius	  pot	  of	  hydrogen	  terminated	  thick	  ND	  layer	  measured	  in	  vacuum.	  
520 meV 
6 eV 
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  The	  activation	  energies	  calculated	  from	  Figure	  6.22	  were	  520	  meV	  between	  200-­‐475°C	  (S.E	  =	  39	  meV)	  and	  6	  eV	  between	  500-­‐580°C	  (S.E	  =	  0.79	  eV).	  The	  low	  temperature	   activation	   energy	   can	   again	   be	   attributed	   to	   surface	   desorption.	  The	  high	  temperature	  activation	  energy	   is	   far	  greater	  than	  any	  that	  have	  been	  previously	   observed,	   likely	   due	   to	   the	   higher	   temperatures	   used	   in	   this	  experiment.	  Therefore	  beyond	  500°C	  in	  vacuum	  a	  new	  mechanism	  is	  apparent,	  this	   could	   be	   attributed	   to	   the	   excitation	   of	   carriers	   across	   the	   band	   gap	   of	  diamond	  (usually	  given	  as	  ~5.5	  eV)61	  as,	  when	  the	  standard	  error	  is	  taken	  into	  account,	  the	  activation	  energy	  observed	  is	  of	  a	  similar	  magnitude.	  	  	  
	  
Hydrogen	   terminated	   ND	   has	   been	   shown	   recently	   by	   Su	   et	   al.	   to	   exhibit	  properties	  that	  correlate	  to	  the	  occurrence	  of	  surface	  transfer	  doping,	  however	  this	  work	  required	  a	  bespoke	  measurement	  setup.62	  Therefore,	   it	   is	   likely	   that	  the	   current	   measurement	   setup	   is	   not	   sufficient	   to	   provide	   accurate	  measurements	   of	   thick	   layers	   of	   hydrogen	   terminated	   ND	   without	   the	  necessarily	  high	  supply	  voltages	  causing	  redox	  reactions.	  	  
	  
6.4. Concluding	  remarks	  
	  
The	  acquisition	  of	  FTIR	  required	  very	  thick	  layers	  to	  be	  treated	  in	  order	  to	  obtain	  enough	  material	  for	  the	  transmission	  experiments,	  however	  this	  is	  sub-­‐optimal	  for	  static	  dry	  processing	  as	  some	  ND	  material	  will	  not	  be	  exposed	  to	  the	  reactants	   and	   therefore	   the	   observed	   changes	   to	   the	   ND	   surface	   may	   be	  underestimated,	   particularly	  when	   compared	   to	   thin	  ND	   films.	   Therefore	   it	   is	  reasonable	   to	   suggest	   the	   spectra	   shown	   in	   Figure	   6.5	   are	   comparable	   to	   the	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thick	   ND	   layers	   presented	   in	   section	   6.3.3,	   whereas	   the	   thin	   layers	   used	  throughout	   section	   6.3.2	   are	   likely	   functionalised	   to	   a	   greater	   degree	   due	   the	  reduced	  volume	  of	  ND	  treated.	  Mechanical	  agitation	  of	  the	  powders	  may	  be	  able	  to	  provide	  a	  greater	  homogeneity	  of	  functionalisation	  when	  dealing	  with	  larger	  volumes	   of	   ND,	   therefore	   this	   will	   be	   taken	   into	   account	   in	   future	   chamber	  designs.	  
	  
During	   the	   temperature	   cycling,	   the	   electronic	   properties	   of	   hydrogen	  terminated	   ND	   particles	   recover	   after	   short	   exposures	   to	   high	   temperature	  (475°C).	   However,	   the	   observation	   that	   this	   is	   lost	   with	   greater	   durations	   of	  heating	   (1	   hour),	   leading	   to	   behaviour	   similar	   to	   that	   seen	   on	   oxygen	  terminated	   ND,	   suggests	   hydrogen	   terminations	   are	   gradually	   replaced	   by	  oxygen	   containing	   groups	   from	   the	   atmosphere	   (in	   the	   case	   of	   air	  measurements).	  This	  process	  is	  not	  observed	  in	  vacuum,	  reinforcing	  the	  notion	  that	  the	  ambient	  air	  -­‐	  likely	  the	  oxygen	  and	  moisture	  content	  –	  plays	  a	  vital	  role	  in	  the	  degradation	  of	  the	  electronic	  properties,	  as	  these	  highly	  reactive	  species	  are	  able	  to	  degrade	  the	  surface.	  Oxygen	  terminated	  ND	  is	  seen	  to	  degrade	  at	  a	  far	  lower	  temperature	  threshold	  (200°C)	  in	  air.	  This	  is	  likely	  mediated	  through	  its	  hydrophilicity,42	  where	  OH	  ions	  are	  free	  to	  attack	  oxygen	  containing	  surface	  groups,	   occasionally	   resulting	   in	   the	   formation	   of	   dangling	   bonds,	   which	   are	  thought	   to	   be	   required	   for	   the	   graphitisation	   of	   the	   surface,	   resulting	   in	   a	  catastrophic	   breakdown	   of	   the	   initially	   observed	   impedance. 63 	  This	   then	  excludes	  oxygen	  terminated	  ND	  from	  operating	  without	  degradation	  in	  ambient	  atmosphere	   above	   200°C	   –	   which	   covers	   a	   large	   swathe	   of	   potential	  applications.	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Perhaps	  the	  most	  surprising	  result	  was	  the	  extremely	  resilient	  behaviour	  of	  the	  NDs,	  particularly	   in	  vacuum.	  Potentially	   leading	  to	  protective	  coatings	   in	  a	  range	   of	   hostile	   environments	   (e.g.	   within	   combustion	   engines,	   or	   tokomak	  reactors).	   However,	   this	   behaviour	   seems	   only	   to	   hold	   under	   low	   excitation	  voltages	   used	   in	   impedance	   spectroscopy	   measurements.	   Accelerated	  degradation	   of	   the	   ND	   surface	   was	   eventually	   observed	   due	   to	   high	   (5	  V)	  electric	  fields	  used	  in	  section	  6.3.3	  driving	  reactions	  at	  the	  surface.	  At	  this	  level	  of	  AC	  bias,	  the	  electrical	  properties	  were	  still	  recovered,	  suggesting	  only	  a	  small	  fraction	  of	  the	  ND	  surface	  is	  damaged	  through	  the	  hypothesised	  redox	  reactions,	  although	   longer	   duration	   experiments	   would	   be	   needed	   to	   confirm	   this.	  Therefore	   this	   result	   highlights	   the	   importance	   of	   the	   thickness	   of	   ND	   layers	  within	  this	  context;	  too	  great	  a	  thickness	  results	  in	  extremely	  noisy	  data,	  which	  is	   ameliorated	  by	  higher	   excitation	   voltages,	  which	   result	   in	   pseudocapacitive	  effects	   being	   observed	   for	   the	   first	   time.	   Conversely,	   too	   thin	   a	   coating	   also	  results	   in	   unstable	   measurements	   due	   to	   the	   instability	   of	   the	   experimental	  setup.	   Further	   improvements	   to	   the	   setup	  are	  under	  development	   to	   alleviate	  this	  limitation.	  
	  
Fitting	   the	   impedance	   spectroscopy	   data	   to	   equivalent	   circuit	   models,	  several	  different	  configurations	  of	  modelled	  resistor	  and	  capacitors	  were	  found.	  When	  a	  second	  semicircle	  was	  observed	  on	  a	  Cole-­‐Cole	  plot,	   this	  was	  found	  to	  be	  most	   accurately	   fitted	   to	   2	   parallel	   RC	  networks	   in	   series	  with	   each	   other.	  This	   arrangement	   has	   long	   been	   ascribed	   to	   two	   competing	   conduction	   paths	  through	   the	   material	   being	   probed.48	   In	   the	   present	   case,	   only	   the	   hydrogen	  treated	   layers	   behaved	   in	   this	   way,	   hinting	   at	   hydrogen	   mediated	   surface	  conductivity.	   This	   conduction	  mechanism	   typically	   requires	   surface	   acceptors	  from	   the	   ambient	   air	   dissociated	   in	   an	   adsorbed	   wetting	   layer.	   Therefore	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measurements	  made	  in	  medium	  vacuum	  and	  at	  temperatures	  above	  the	  boiling	  point	   of	   water	   would	   not	   be	   expected	   to	   exhibit	   this	   behaviour.	   Although	  surface	   conductivity	   based	   on	   systems	   other	   than	   the	   wetting	  layer/atmospheric	   acceptors	   (see	   Chapter	   3),	   the	   likely	   reason	   for	   the	  persistent	   surface	   conductivity	   is	   the	   combination	   of	   insufficient	   vacuum	  conditions	  and	  the	  increased	  difficulty	  in	  fully	  drying	  the	  nanoparticles.	  
	  
The	  ubiquitous	  occurrence	  of	  picofarad	  magnitude	  capacitance	  throughout	  the	  sample	  series	  suggests	   the	  conduction	  paths	  observed	  are	  associated	  with	  grain	   interiors.49	   This	   is	   unexpected	   as	   the	   disordered	   (and	   conductive)	   sp2	  shell	  of	   the	  ND	   is	   supposed	   to	  dominate	  conduction	   through	   the	  ND,	  however	  these	  findings	   indicate	  this	   is	  not	  the	  case.	  Whilst	  surface	  treatments	  certainly	  modulate	  the	  number	  of	  charge	  carriers	  present,	  this	  study	  indicates	  the	  bulk	  of	  charge	  transfer	  occurs	  within	  the	  ordered	  sp3	  interior	  of	  the	  ND,	  not	  the	  mixed	  phase	   surface.	   One	   possible	   explanation	   lies	   in	   the	   fact	   that	   the	   depth	   of	  hydrogen	  mediated	  subsurface	  acceptor	  sites	  in	  bulk	  diamond	  has	  been	  shown	  to	  be	   approximately	  15nm.64	  This	   length	   scale	   is	   greater	   than	   the	  ND	  particle,	  therefore	  it	  is	  possible	  that	  acceptor	  sites	  are	  located	  throughout	  the	  ND,	  within	  the	  highly	   crystalline	   centre.	  When	   surface	   transfer	  doping	   is	  not	  present	   (i.e.	  oxygen	  terminated	  ND)	  capacitance	  values	  of	  the	  order	  of	  tens	  of	  picofarads	  are	  observed,	   suggesting	   conduction	   through	   the	   outer	   sp3	   regions	   where	   higher	  concentrations	  of	  defects	  are	  present	  at	  the	  interface	  between	  the	  core	  and	  shell	  of	   the	   ND,65	  but	   not	   through	   the	   grain	   boundary	  where	   nanofarad	  magnitude	  capacitance	  is	  expected.49	  This	  observation	  suggests	  the	  conduction	  mechanism	  of	  ND	  layers	  in	  this	  arrangement	  do	  not	  easily	  compare	  to	  traditional	  NCD	  when	  looked	  at	  carefully,	  although	  the	  macro	  scale	  effect	  of	  the	  combined	  ND	  layers	  is	  somewhat	  similar	  to	  bulk	  diamond	  in	  terms	  of	  its	  magnitude	  of	  impedance.	  This	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suggests	   that	  whilst	   the	   cores	  of	   the	  particles	  are	   indeed	   fully	   sp3	  bonded,	   the	  interaction	  between	  the	  particles	  is	  less	  well	  defined,	  and	  certainly	  distinct	  from	  NCD.	  What	  is	  certain	  is	  that	  there	  lies	  a	  small	  window	  for	  the	  selective	  oxidation	  of	   sp2	   over	   sp3,	   between	   400	   and	   430°C. 66 	  Therefore	   within	   the	   results	  presented	   here	   there	   are	   likely	   displaying	   competing	   regimes	   of	   sp2	   and	   sp3	  oxidation,	   further	   complicating	   the	   evolution	   of	   the	   conduction	   paths	   at	  elevated	   temperatures.	   This	   may	   be	   further	   studied	   through	   the	   use	   of	   inert	  atmospheres	   (i.e.	   helium)	   in	   lieu	   of	   sufficient	   vacuum	   pressures	   -­‐	   borrowing	  from	  the	  field	  of	  thermogravimetric	  analysis,	  where	  the	  change	  in	  the	  physical	  structure	  of	  materials	  is	  contrasted	  both	  in	  ambient	  air	  and	  an	  inert	  atmosphere.	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7.1. Introduction	  	  
The	  second	  half	  of	  the	  experimental	  chapters	  within	  this	  thesis	  (Chapters	  7	  and	   8)	   will	   take	   a	   somewhat	   different	   format	   as	   they	   document	   attempts	   to	  solve	   specific	   engineering	   challenges,	   with	   the	   results	   were	   reported	   to	   the	  industrial	  collaborator	  for	  this	  project,	  Photonis,	  over	  the	  duration	  of	  the	  PhD.	  	  
	  
Here,	  the	  aim	  was	  to	  achieve	  thin	  conformal	  nanocrystalline	  diamond	  (NCD)	  layers	  penetrating	  controlled	  depths	  of	  the	  microchannel	  plate	  (MCP)	   in	  order	  to	   combine	   the	   benefits	   associated	   with	   nanocrystalline	   diamond	   without	  significantly	  altering	  the	  MCP	  fabrication	  route.	  The	  primary	  goals	  of	  this	  aspect	  of	  the	  LCN-­‐Photonis	  collaboration	  are:	  
	  
1) Conferring	   the	   observed	  high	   yield	   secondary	   electron	   emission	   (SEE)	  seen	  on	  diamond1onto	  the	  diamond-­‐MCP	  device.	  Briefly,	  the	  SEE	  on	  the	  channel	  wall	  of	   the	  MCP	  averages	  at	  2	  per	   incident	  electron,	   therefore	  statistically	   speaking	   this	   may	   be	   any	   value	   between	   0	   and	   4,	   if	   0	  electrons	   are	   emitted	   then	   the	   incident	   photon	   that	   provided	   the	  primary	   electron	   has	   been	   wasted,	   resulting	   in	   decreased	   signal	   to	  noise	  ratio	  –	  for	  a	  detailed	  description,	  see	  Chapter	  8.	  	  
2) An	  NCD	  layer	  is	  also	  expected	  to	  prevent	  sputtered	  ion	  production	  in	  the	  MCP,	  where	  positive	  ions	  can	  be	  accelerated	  back	  to	  the	  photocathode	  (see	   figure	  3.7).	   Therefore	   the	  NCD	   layer	   should	  prevent	   poisoning	   of	  the	  layer	  and	  result	  in	  a	  greatly	  extended	  lifetime	  of	  the	  device.	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In	   addition,	   any	   addition	   to	   the	   device	   must	   maintain	   or	   surpass	   current	  MCP	  characteristics	  for	  diamond	  inclusion	  to	  be	  considered	  successful,	   leading	  to	  inclusion	  in	  later	  Photonis	  products.	  Particularly	  important	  is	  the	  100	  Mohm	  resistance	  through	  the	  MCP,	  necessary	  to	  maintain	  a	  strip	  current	   low	  enough	  to	   enable	   the	   1000	   V	   potential	   difference	   through	   the	   MCP.	   This	   potential	  difference	   is	   needed	   to	   accelerate	   electrons	   to	   energies	   sufficient	   for	   the	  liberation	  of	  secondary	  electrons	  within	  the	  channels	  of	  the	  MCP	  	  
	  
The	   MCPs	   used	   throughout	   this	   chapter	   were	   supplied	   by	   Photonis,	   who	  kindly	   supported	   this	   work.	   Two	   varieties	   of	   MCP	   were	   available,	   the	   first	   a	  “full-­‐size	  MCP”	  25	  mm	  in	  diameter	  with	  11	  million	  6	  µm	  wide	  channels	  set	  8°	  from	   the	   normal,2	  and	   the	   second	   a	   “reduced	   channel	  MCP”	  where	   the	   active	  area	   has	   been	   reduced	   to	   6	   mm.	   The	   reduced	   channel	   MCP	   has	   greater	  mechanical	  stability	  and	  thermal	  conductivity	  and	  is	  generally	  used	  by	  Photonis	  (and	  throughout	  this	  thesis)	  as	  a	  test	  structure	  in	  research	  and	  development.	  
Figure	  7.1	  Reduced	  channel	  (left)	  and	  full	  size	  MCP	  supplied	  by	  Photonis.	  Note	  both	  
MCPs	   have	   undergone	   metallisation	   of	   the	   top	   and	   bottom	   surfaces	   of	   the	   inactive	  
regions.	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The	   MCP	   has	   severely	   limited	   thermal	   budget,	   the	   structure	   softens	   in	  temperatures	   beyond	   400-­‐420°C	   (bearing	   in	   mind	   the	   typical	   growth	  temperature	   of	   diamond	   lies	   in	   the	   800-­‐1000°C	   region)3.	   Therefore,	   custom	  made	  sample	  holders	  for	  the	  Seki	  Technotron	  AX5010	  reactor	  were	  required	  to	  enable	   aggressive	   cooling	   of	   the	   substrates.	   Three	   iterative	   designs	   were	  created,	   allowing	   increased	  microwave	  power	   to	   be	   used,	   resulting	   in	   greater	  growth	  rates	  and	  reducing	  the	  duration	  of	  growth	  required	  and	  hence	  the	  stress	  imparted	  to	  the	  MCP	  during	  growth.	  The	  distance	  of	  the	  sample	  to	  the	  centre	  of	  the	   plasma	   ball	   when	   undergoing	   diamond	   growth	   was	   also	   considered,	  resulting	   in	   the	   final	   iteration	   of	   the	   sample	   holder	   incorporating	   height	  adjustment.	   The	   key	   goal	   of	   this	   sub-­‐project	   was	   to	   enable	   the	   growth	   of	   a	  conformal	   NCD	   layer	   through	   60	   µm	   (or	   10	   channel	   diameters,	   ‘10D’)	   of	   the	  MCP.	   Thus,	   when	   optimal	   diamond	   growth	   conditions	   were	   determined	   on	  silicon	  (see	  Chapter	  8),	  this	  could	  be	  incorporated	  on	  an	  MCP.	  10D	  was	  chosen	  by	  Photonis	  as	  an	  ideal	  depth	  into	  the	  channel	  such	  that	  incoming	  electrons	  will	  always	   interact	   with	   diamond	   coated	   channel	   first,	   allowing	   for	   higher	  secondary	   electron	   yields	   (SEY).	   This	   higher	   yield	   is	   expected	   to	   have	   a	   large	  effect	   on	   the	   device	   signal	   to	   noise	   ratio	   as	   currently,	   due	   to	   the	   statistical	  nature	  of	  secondary	  electron	  emission	  in	  the	  MCP,	  whilst	  the	  average	  SEY	  value	  is	  quoted	  as	  2,	  zero	  yield	  is	  a	  possibility	  and	  therefore	  results	  in	  the	  loss	  of	  the	  incoming	  electron.	  Raising	  the	  SEY	  to	  10	  should	  alleviate	  this	  problem,	  for	  more	  detail	  please	  see	  Chapter	  8.	  
	  
The	   primary	   engineering	   challenge	   associated	   with	   this	   chapter	   is	   the	  growth	  of	  NCD	  on	  complex	  three	  dimensional	  structures.	  Indeed	  this	  is	  the	  first	  time	  diamond	  has	  been	  grown	  on	  MCP	  structures.	  Previous	  efforts	  to	  fabricate	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diamond	   structures	   outside	   the	   traditional	   planar	   configuration	   were	   usually	  constrained	   to	   the	   top-­‐down	   approach.	   This	   approach	   typically	   etches	   (e.g.	  reactive	  ion	  etching,	  RIE)	  or	  mills	  (e.g.	  focused	  ion	  beam)	  bulk	  diamond	  into	  the	  desired	   shape.	   Taking	   this	   idea	   further,	   planar	   films	   were	   grown	  heteroepitaxially	   upon	   silicon	   and	   both	   the	   diamond	   and	   its	   substrate	   have	  been	   selectively	   etched	   to	   create	   three	   dimensional	   diamond	   coated	   pillars.	  These	   complex	   post	   like	   structures	   were	   intended	   for	   use	   as	  superhydrophobic/hydrophilic	   surfaces	  depending	  on	   the	   surface	   termination	  of	   the	   diamond	   surface.	   Diamond	   grown	   on	   three	   dimensionally	   structured	  substrates	   have	   been	   previously	   reported	   by	   Monteiro	   et	   al.	   where	   attempts	  were	   made	   at	   depositing	   chemical	   vapour	   deposition	   (CVD)	   diamond	   inside	  silicon	   vias	   coated	   with	   a	   layer	   of	   tetragonal	   amorphous	   carbon	   (a	   form	   of	  diamond-­‐like	  carbon).4	  These	  structures	  were	  narrower	  than	  MCP	  channels	  but	  significantly	  shallower	  and	  hence	  pose	  a	  similar	  challenge	  to	  that	  attempted	  in	  this	   chapter.	   However,	   a	   direct	   comparison	   is	   not	   possible	   as	   the	  aforementioned	   example	   was	   a	   proof	   of	   concept	   whereas	   the	   current	   work	  requires	  high	  quality	  diamond	  (with	  high	  impedance	  being	  of	  major	  concern)	  as	  an	  electron	  emitter,	  grown	  in	  severely	  sub-­‐optimal	  conditions.	  
	  
7.2. Experimental	  methods	  	  
Nanodiamond	  deposition:	  ND	  was	  deposited	  using	  a	  modified	  version	  of	  the	  ultrasonication	   technique	   described	   in	   5.2	   where	   MCPs	   were	   inserted	   in	   a	  purpose	  built	  water	  tight	  jig	  provided	  by	  Photonis.	  The	  jig	  was	  then	  submerged	  in	   a	   DND	   hydrocolloid	   (concentration	   0.5	   g/l	   DND	   in	   deionised	   (D.I)	   water,	  
≥20MΩ.cm)	   and	   subjected	   to	   varying	   durations	   of	   ultrasonication	   (US),	   or	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simply	  dipped	  in	  nanodiamond	  (ND)	  hydrocolloid	  without	  additional	  agitation.	  MCPs	  were	   then	   carefully	   dried	   in	  N2	  to	   avoid	  damaging	   the	  MCP.	   In	   order	   to	  achieve	  a	  variable	  depth	  of	  ND	  penetration,	  before	  the	  insertion	  of	  the	  MCP,	  the	  jig	  is	  first	  backfilled	  with	  a	  defined	  quantity	  of	  D.I	  water	  (ranging	  between	  1600	  -­‐	  20	  µl)	  using	  the	  following	  procedure:	  
ι. Fill	  jig	  with	  D.I	  water	  (1600µl,	  800µl,	  60µl,	  40µl	  and	  20µl.)	  
ιι. Place	  MCP	  on	  jig,	  forcing	  water	  below	  through	  channels	  
ιιι. Tighten	  jig	  and	  add	  3ml	  of	  ND	  solution	  (0.5	  g/l)	  to	  top	  surface	  
ιϖ. Ultrasound	  for	  required	  duration	  
ϖ. Rinse	  jig	  in	  D.I	  water	  30	  seconds	  with	  mild	  agitation	  
ϖι. Remove	  MCP	   from	   jig	   and	   rinse	   for	  30	   seconds	   in	  D.I	  water	  with	  mild	  agitation	  
ϖιι. N2	  dry	  (from	  bottom	  first)	  
Figure	  7.2	  MCP	  jig	  supplied	  by	  Photonis	  before	  MCP	  insertion	  (left)	  and	  after	  
removal	  from	  water	  rinse	  (right).	  Note	  the	  well	  can	  be	  observed	  in	  the	  left	  image,	  
where	   backfilled	  water	   is	   placed.	   The	  mirror	   finish	   on	   the	   seal	   surrounding	   the	  
MCP	  makes	  the	  jig	  water-­‐tight.	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Diamond	  growth:	  After	  seeding	  each	  MCP	  would	  undergo	  a	  short	  growth	  in	  a	   customised	   microwave	   plasma	   enhanced	   chemical	   vapour	   deposition	  (MWPECVD)	  chamber	  (Seki	  Technotron	  AX5010)	  in	  order	  to	  ‘fix’	  them	  in	  place	  for	   subsequent	   analysis,	   as	   NDs	   would	   be	   too	   small	   to	   image	   without	  enlargement.	  Growth	  conditions	  were	  kept	  homogenous	  throughout	  the	  series	  of	   experiments:	   400˚C	   +/-­‐	   10°C,	   2	   hours	   duration,	   and	   0.5%	   methane	   in	  hydrogen	   with	   100	   sccm	   flow.	   Sample	   temperature	   was	   monitored	   by	   a	  Williamson	   Pro	   92-­‐20	   dual	   wavelength	   fibre	   optic	   pyrometer	   (temperature	  range:	   200-­‐600°C).	   The	   samples	   were	   heated	   by	   the	   hydrogen	   plasma	   until	  within	   10%	   of	   their	   desired	   growth	   temperature,	   at	   which	   point	   methane	   is	  slowly	   added	   to	   avoid	   thermal	   shock	   and	   to	   reduce	   the	   inclusion	   of	   non-­‐diamond	   carbon.	   The	   sample	   stage	   used	   for	   the	   depth	   of	   ND	   penetration	  experiment	  was	   the	  2	  pipe	   sample	  holder/cooler	  with	   an	   additional	   of	   10mm	  shim.	  The	   sample	   stage	  was	   supplied	  with	  high	  pressure	   chilled	  water	   from	  a	  Neslab	  CFT-­‐300	  chiller	  unit,	  set	  to	  provide	  12°C	  water.	  To	  prevent	  accumulation	  of	  non-­‐diamond	  carbon	  phases	  through	  the	  MCP	  channels,	  the	  growth	  chamber	  was	  fitted	  with	  a	  vacuum	  pump	  connected	  to	  the	  rear	  of	  the	  MCP,	  preventing	  a	  long	   residence	   time	   of	   reaction	   products	   far	   from	   the	   plasma	   surface.5	  To	  prevent	   thermal	  shock	  damaging	   the	  MCP,	  a	   temperature	  ramp	  of	  2°C/minute	  between	  room	  temperature	  and	  350°C,	  and	  a	  ramp	  of	  1°C/minute	  between	  350-­‐400°C.	  This	  ensured	  minimal	  distortion	  to	  the	  MCP’s	  shape,	  and	  any	  deviations	  from	  this	  were	  noted	  in	  the	  samples’	  experimental	  log.	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Figure	  7.3	  Schematic	  of	  customised	  MWPECVD	  chamber,	  showing	  arrangement	  of	  back	  
pumping	  and	  substrate	  cooling.	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Scanning	  electron	  microscope:	  The	  scanning	  electron	  microscope	  (SEM)	  was	  used	   extensively	   to	   acquire	   images	   of	   diamond	   seeding/growth	   through	   the	  length	   of	   the	   channel	   for	   subsequent	   image	   processing	   (see	   below).	   Samples	  were	   cleaved	   to	   expose	   the	   length	   of	   the	   channel	   and	   a	   suitable	   channel	  was	  selected	  near	  the	  centre	  of	  the	  MCP.	  Images	  were	  taken	  along	  the	  length	  of	  the	  channel.	   The	   SEM	  was	   operated	   in	   combined	   secondary	   electron/backscatter	  mode	  at	  an	  80:20	  ratio	   in	  order	   to	  obtain	  a	  satisfactory	  combination	  of	   image	  contrast	   and	   topographical	   information	   (secondary	   mode)	   and	   material	  identification	  (backscatter	  mode).	  All	  images,	  unless	  explicitly	  stated,	  are	  taken	  at	   x11,000	   magnification	   with	   a	   working	   distance	   of	   8.6	   mm.	   Images	   were	  acquired	  using	  the	  lower	  detector	  (LEI)	  due	  to	  the	  propensity	  of	  the	  samples	  to	  charge	   up	   during	   scanning.	   A	   low	   accelerating	   voltage	   of	   2.0	   kV	  was	   used	   to	  yield	  detailed	   topographical	   information	  as	  higher	  accelerating	  voltages	  probe	  the	  subsurface	  structure	  to	  a	  greater	  extent.	  When	  imaging	  proved	  difficult	  due	  to	  excessive	  charging	  of	   the	  surface	  (essentially	   throughout	  Round	  1),	  a	  <1nm	  coating	   of	   amorphous	   carbon	  was	   applied	   to	   one	   of	   the	   cleaved	   halves	   of	   the	  MCP	   (noted	   in	   the	   experimental	   log).	   This	   allowed	   built	   up	   charge	   from	   the	  electron	   beam	   to	   be	   effectively	   dissipated.	   All	   images	   were	   acquired	   with	  column	  vacuum	  conditions	  greater	  than	  3.6×10-­‐4	  Pa.	  
	  	  
Image	  processing:	   Individual	   SEM	   images	  were	   first	   combined	   to	   give	   one	  continuous	  image	  of	  the	  channel.	  The	  image	  was	  then	  divided	  into	  3.0	  ×	  2.5	  µm	  sections	  taken	  from	  the	  middle	  of	  the	  channel	  in	  order	  to	  provide	  images	  as	  flat	  as	   possible	   to	   aid	   subsequent	   image	   processing.	   Both	   image	   manipulation	  stages	   were	   performed	   with	   Adobe	   Photoshop	   CS5.	   Next	   the	   image	   was	  flattened	  using	  Gwyddion,	   the	   image	   analysis	   software	  detailed	   in	   section	  5.2.	  Gwyddion	  was	  then	  used	  to	  create	  a	  particle	  mask,	  as	  described	  in	  5.2.	  Average	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grain	   size,	   grain	   density,	   and	   area	   coverage	   were	   then	   calculated	   using	   the	  extracted	   values	   from	   the	   particle	   mask.	   Average	   grain	   size	   is	   calculated	   by	  taking	  the	  mean	  number	  of	  equivalent	  square	  sides	  (measured	  in	  pixels)	  in	  each	  individual	  grain	  marked	  on	  the	  mask,	  and	  converting	  this	  figure	  to	  metres.	  The	  standard	   deviation	   of	   the	   mean	   is	   used	   to	   denote	   the	   error	   on	   each	   average	  grain	   size	   measurement.	   Grain	   density	   is	   taken	   as	   the	   number	   of	   individual	  grains	   in	   the	  area	  bounded	  by	   the	  cropped	   image	  (3.0	  ×	  2.5	  µm),	   the	  error	  on	  the	  measurement	   is	   taken	  to	  be	  10%	  across	  all	  values	  due	   to	  an	  estimation	  of	  the	   limitation	   in	   resolution	   of	   the	   SEM	   data	   causing	   twinned	   or	   overlapping	  grain	  phases	  being	  counted	  as	  more	  than	  one	  grain,	  or	  several	  grains	  without	  a	  distinct	  grain	  boundary	  being	  counted	  as	  a	  single	  grain.	  Area	  coverage	  takes	  the	  proportion	  of	  the	  total	  image	  area	  covered	  by	  the	  grain	  mask.	  As	  the	  Gwyddion	  software	   includes	  a	  non-­‐zero	  area	   for	  grain	  boundaries,	  area	  coverage	  greater	  than	  75%	  can	  be	  thought	  of	  as	  a	  complete	  film.	  The	  error	  included	  on	  the	  area	  coverage	  is	  taken	  to	  be	  5%	  due	  to	  the	  limit	  of	  resolution	  on	  the	  images	  enabling	  misidentification	  of	  grain	  coverage.	  Thicknesses	  of	  the	  NCD	  layer	  at	  the	  channel	  entrance	  was	  estimated	  by	  focusing	  on	  the	  cleaved	  cross	  section,	  and	  taking	  the	  average	  of	  six	  measurements	  using	  the	  ruler	  tool	  within	  the	  Gwyddion	  software.	  	  
	  
7.3. Results	  and	  discussion	  
7.3.1 Thermal	  obstacles	  	  	  
As	  previously	  mentioned,	  the	  MCP	  has	  a	  thermal	  limit	  of	  400-­‐420°C	  beyond	  which	   the	   doped	   glass	   structure	   softens	   and	   device	   characteristics	   are	  permanently	   degraded.	   Hence	   substantial	   efforts	   were	   put	   into	   the	  development	  of	  cooled	  sample	  stages	  to	  grow	  diamond	  within	  this	  temperature	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limit.	   The	   efficacy	   of	   sample	   stage	   coolers	   was	   continuously	   evaluated	   and	  iterative	  redesigns	  were	  conducted	  to	  enhance	  cooling	  performance.	  Cost	  was	  a	  factor	  in	  the	  design	  process,	  with	  increasing	  complexity	  considerably	  increasing	  the	  cost	  of	  production	  of	  the	  bespoke	  coolers.	  Additionally	  the	  adequate	  supply	  of	   chilled	  water	  was	   of	   the	   highest	   concern,	   initial	   attempts	   utilised	   the	   same	  chiller	  unit	  (Julabo	  FLW1701,	  1.5	  kW	  cooling	  capacity	  at	  1	  bar)6	  as	  was	  used	  for	  cooling	   the	  microwave	  power	  supply	  on	   the	  MWPECVD	  kit.	  However	   this	  was	  found	   to	   be	   insufficient	   and	   hence	   for	   all	   data	   quoted	   in	   table	   7.1	   the	  Neslab	  CFT-­‐300	   recirculating	   chiller	   is	   used.	   	   The	   Neslab	   CFT-­‐300	   has	   a	   maximal	  cooling	  capacity	  of	  9	  kW	  at	  a	  pressure	  of	  2	  Bar.7	  
	  
The	  first	  cooler	  design	  used	  a	  two	  pipe	  arrangement	  (hence	  designated	  the	  ‘2	  pipe	  cooler’)	  where	  one	  cooling	  line	  was	  welded	  to	  the	  sample	  mount,	  which	  in	   turn	   screws	   into	   the	   sample	   holder.	   This	   was	   simplest	   design	   and	   it	   was	  
Figure	   7.4	   Left:	   2	   pipe	   cooler	   complete	  
view.	   Note	   the	   back	   pumping	   line	   is	   sealed	  
off	   in	   this	   image.	   Right:	   View	   of	   sample	  
mount	   surface,	   showing	   carbonaceous	  
deposits.	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found	   the	   screw-­‐mount	   arrangement	   provided	   a	   surface	   sufficiently	   distant	  from	  the	  plasma	  to	  allow	  the	  build-­‐up	  of	  graphitic	  deposits,	  limiting	  the	  quality	  of	  diamond	  able	  to	  be	  grown	  in	  the	  chamber.	  	  
	  
The	  second	  cooler	  design	  used	  four	  pipes,	  after	  it	  was	  noted	  the	  shaft	  of	  the	  ‘2	  pipe’	  sample	  holder	  remained	  extremely	  hot	  after	  growth.	  	  The	  first	  pair	  cools	  the	  sample	  holder	  shaft	  and	  the	  second	  pair	  cool	  the	  sample	  mount.	  The	  screw-­‐mount	  assembly	  was	  dispensed	  with	   in	   favour	  of	  a	  permanent	  braze	  between	  the	   cooling	   pipe	   and	   the	   sample	  mount.	   The	   sample	  mount	   contained	   a	   small	  void	   slightly	   larger	   than	   the	   cooling	  pipe	   to	   spread	   the	   cooling	   fluid,	   similarly	  the	  shaft	  cooling	  pipe	  opened	  into	  a	  small	  void	  on	  the	  perimeter	  of	  the	  sample	  mount	   surface.	   This	   arrangement	  was	   found	   to	   be	  more	   effective	   than	   the	   2-­‐pipe	  cooler	  in	  terms	  of	  cooling	  ability.	  Table	  7.1	  shows	  the	  increased	  power	  and	  pressure	   applied	   whilst	   maintaining	   a	   substrate	   temperature	   of	   400°C.	  However,	   the	  setup	  resulted	   in	  several	  MCPs	  being	  highly	  warped	  or	  breaking	  altogether	   (Figure	   7.7(a/c)),	   possibly	   due	   to	   the	   two	   separate	   cooling	   zones	  causing	  a	  temperature	  gradient	  across	  the	  MCP.	  Hence	  a	  further	  iteration	  of	  the	  cooler	  design	  was	  initiated.	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The	   third	   and	   final	   cooler	   design	   presented	   in	   this	   thesis	   utilised	   a	   large,	  unified	  reservoir	  over	  the	  previous	  cooler	  pipe	  designs.	  This	  resulted	  in	  a	  very	  large	   gain	   in	   cooling	   efficacy	   as	   shown	   in	   table	   7.1.	   It	   was	   noted	   that	   the	  previous	  iterations	  of	  cooler	  design	  maintained	  a	  gap	  of	  approximately	  10	  mm	  between	  the	  bottom	  of	  the	  plasma	  ball	  and	  the	  sample	  surface	  (see	  Figure	  7.3).	  This	  raised	  concerns	  about	  the	  degree	  of	  activation	  of	  hydrocarbon	  groups	  and	  atomic	  hydrogen	  in	  this	  arrangement	  of	   low	  power	  and	  high	  substrate-­‐plasma	  distance,	   as	   previous	   reports	   suggest	   this	   contributes	   to	   sub-­‐optimal	  conditions.8,9	  Therefore	   the	   redesigned	   stage	   included	   the	   ability	   to	   raise	   and	  lower	  the	  substrate	  by	  +/-­‐	  50	  mm,	  in	  order	  to	  maximise	  growth	  efficiency.	  This	  movement	   freedom	   introduced	   instability	   into	   the	   microwave	   resonance	  
Figure	  7.5	  Left:	  4	  pipe	  cooler	  complete	  view,	  back	  
pumping	   port	   is	   obscured	   by	   cooling	   pipes.	   Right:	  
Focused	   view	   of	   sample	   mount	   surface.	   Note	   the	  
recess	  for	  the	  MCP	  in	  the	  centre.	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chamber	  (see	  section	  4.4.1),	  however	  after	  careful	  calibration	  a	  stable	  plasma,	  ‘hugging’	  the	  sample	  mount	  was	  achieved	  (see	  Figure	  7.3).	  	  
	  
	  
	  
	  
	  
Figure	  7.6	  Left:	  Complete	  view	  of	   reservoir	  cooler.	  Note	  
the	  largely	  compressed	  vacuum	  bellows	  present	  (photograph	  
taken	   whilst	   cooler	   was	   at	   almost	   full	   extension).	   Right:	  
Focus	   view	   of	   sample	   mount.	   Note	   the	   reuse	   of	   an	   inner	  
recess	  for	  the	  MCP,	  combined	  with	  a	  larger	  outer	  recess	  for	  a	  
weight	  to	  cover	  the	  MCP	  in	  an	  attempt	  to	  prevent	  warping	  –	  
however	   this	   was	   not	   required	   in	   later	   growths	   as	   no	  
warping	  was	  observed.	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Stage	  variant	  
MCP-­‐	  
Typical	  
microwave	  
power	  
(Watts)	  
MCP	  -­‐	  
Typical	  gas	  
pressure	  
(Torr)	  
Silicon-­‐	  
Typical	  
microwave	  
power	  
(Watts)	  
Silicon	  -­‐	  
Typical	  gas	  
pressure	  
(Torr)	  2	  pipe	  cooler	   570	   12	   600	   13	  4	  pipe	  cooler	   620*	   12*	   680	   15	  2	  pipe	  reservoir	  +	  height	  adjustment	   950	   30	   1270	   40	  
	  
Table	   7.1	   Typical	   growth	   parameters	   at	   400°C	   for	   successive	   iterations	   of	   sample	  
cooler	  design	  on	  MCP	  and	  silicon	  wafer.	   *	  Growth	  using	   the	  4	  pipe	  cooler	  resulted	   in	   the	  
MCP	  breaking	  or	  warping	  to	  an	  unacceptable	  degree.	  
	  
Figure	  7.7	  (a)	  Thermally	  induced	  warping	  
of	  full	  size	  MCP.	  (b)	  Plasma	  mediated	  
roughening	  of	  surface	  metallisation	  on	  reduced	  
channel	  MCP.	  (c)	  	  Snapped	  MCP,	  likely	  due	  to	  
thermal	  gradient	  across	  MCP.	  Blue	  and	  orange	  
rings	  surrounding	  active	  region	  indicate	  
diamond	  growth.	  (d)	  Optical	  microscope	  image	  of	  damage	  to	  active	  region	  in	  sample	  that	  
exceeded	  420°C.	  
(
a)	  (
b)	  
(
c)	  
(
d)	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7.3.2 Nanodiamond	  seeding	  of	  microchannel	  plates	  	  
In	   order	   to	   achieve	   control	   over	   the	   depth	   of	   penetration	   of	   ND	   when	  seeding	  before	  NCD	  growth,	  reduced	  channel	  MCPs	  were	  first	  backfilled	  with	  D.I	  water	  to	  reduce	  NDs	  adhering	  to	  the	  sidewalls	  of	  the	  MCP	  channels	  from	  the	  ND	  solution.	   Round	   1	   focused	   on	   the	   backfill	   volume,	   whilst	   Round	   2	   varied	   the	  duration	   of	   sonication	   in	   an	   attempt	   to	   further	   improve	   the	   resultant	   NCD	  layers	  both	  in	  terms	  of	  depth	  of	  penetration	  and	  conformity	  to	  the	  original	  MCP	  shape.	   The	   depth	   of	   penetration	   was	   initially	   determined	   by	   eye	   (via	   SEM	  images)	   as	   the	   region	  where	  ND	  coverage	  had	   fallen	   to	   approximately	  half	   its	  original	   value.	   This	   was	   performed	   to	   help	   choose	   which	   backfill	   volume	   to	  maintain	  throughout	  Round	  2.	  	  Later,	  once	  both	  Round	  1	  and	  2	  were	  complete,	  a	  detailed	  analysis	  of	   the	  SEM	  data	  was	  prepared	  (see	  7.2).	  Here,	   the	  composite	  SEM	  image	  of	  the	  entire	  channel	  has	  been	  cropped	  to	  show	  only	  the	  ND	  coated	  regions.	  A	  discussion	  of	   the	  results	  and	  their	   trends	   is	  presented	  at	   the	  end	  of	  this	  section.	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Round	  1	  results	  #1709-­‐2	   #1210-­‐1	   #1709-­‐3	   #0410-­‐2	   #0410-­‐1	   #2510-­‐1	  800µl	   600µl	   400µl	   60µl	   20µl	   10µl	  4.3µm	  (0.7D)	   7.2µm	  (1.2D)	   14.8µm	  (2.5D)	   9.8µm	  (1.6D)	   60.4µm	  (10.1D)	   27.9µm	  (4.6D)	  	   	   	   	   	   	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   7.8	   Round	   1	   results.	   Labelling	   scheme	   is	   as	   follows:	   Sample	   name,	   D.I	   water	  
backfill	   volume,	   and	   depth	   of	   penetration	   (both	   in	   µm	   from	   channel	   entrance	   and	   in	  
multiples	  of	  ‘D’	  the	  channel	  diameter).	  
Key:	  	  	  	  	  	  	  	  	  	  	  	  	  	  Sample	  name	  Backfill	  volume	  Depth	  of	  penetration	  in	  µm	  Depth	   of	   penetration	   in	   D	  (channel	  diameters)	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Table	   7.2	   Round	   1’s	   raw	   data	   of	   depth	   of	   penetration	   (µm)	   as	   a	   function	   of	   backfill	  
volume	  (µl),	  with	  inclusion	  of	  outlier	  results.	  
	  Note:	  Round	  1’s	  full	  sample	  details	  are	  given	  in	  Appendix	  B	  
	  
Round	  2	  results	  	  
Here,	   the	   backfill	   volume	   was	   set	   at	   20µl,	   and	   a	   variation	   of	   deposition	  parameters	   was	   performed	   in	   order	   to	   ascertain	   the	   optimal	   deposition	  conditions.	  
Sample	  name	   Backfill	  volume	  (µl)	   Channel	  penetration	  (µm)	   Penetration	  diameters	   Outlier	  results	  1709-­‐2	   800	   4.3	   0.7	   	  1210-­‐1	   600	   7.2	   1.2	   	  1709-­‐3	   400	   14.8	   2.5	   	  0410-­‐2	   60	   9.8	   1.6	   Growth	  error	  (2%	  CH4)	  0410-­‐1	   20	   60.4	   10.1	   	  2510-­‐1	   10	   27.9	   4.6	   Backfill	  too	  small,	  incomplete	  coverage	  
Figure	  7.9	  Depth	  of	  penetration	  (µm)	  as	  a	  function	  of	  backfill	  volume	  (µl).	  The	  trend	  
line	  exhibits	  an	  approximately	  exponential	  response.	  Note	  the	  exclusion	  of	  #0410-­‐2	  due	  
to	  erroneous	  growth	  conditions.	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#1411-­‐1	   #1411-­‐2	   #1411-­‐3	   	  	  	  	  	  	  #1411-­‐4	   #1411-­‐5	   Blank	  MCP	  1	  min	  dip	   5	  sec	  US	   30	  sec	  US	   5	  mins	  US	   10	  mins	  US	   For	  comparison	  20.3	  µm	  (3.4D)	   5.8µm	  (1D)	   20.8µm	  (3.5D)	   20.5µm	  (3.4D)	   19µm	  (3.2D)	   N/A	  	   	   	   	   	   	  	  	   	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   7.10	   Round	   2	   results.	   Labelling	   scheme	   is	   as	   follows:	   Sample	   name,	   deposition	  
conditions,	  and	  depth	  of	  penetration	  (both	  in	  µm	  from	  channel	  entrance	  and	  in	  multiples	  
of	  ‘D’	  the	  channel	  diameter).	  
Key:	  	  	  	  	  	  	  	  	  	  	  	  	  	  Sample	  name	  Backfill	  volume	  Depth	  of	  penetration	  in	  µm	  Depth	   of	   penetration	   in	   D	   (channel	  diameters)	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Note:	  Round	  1’s	  full	  sample	  details	  are	  given	  in	  Appendix	  B	  
	  
7.4. Discussion	  of	  results	  	  
Vertically	   aligned	   lines	   are	   apparent	   on	   the	   channels	   of	   Round	   1’s	   MCPs,	  particularly	  near	  the	  entrance	  where	  growth	  is	  thickest,	  giving	  an	  indication	  of	  high	  stress	  on	   the	  NCD	   layers	   in	  Round	  1.10	  The	   total	  absence	  of	  such	   lines	  on	  the	  Round	  2’s	  MCPs	  suggests	  this	  is	  not	  due	  to	  ultrasonication	  of	  the	  MCPs	  but	  possibly	  from	  the	  natural	  variance	  in	  surface	  properties	  seen	  between	  batches	  of	  MCPs	  (Round	  1	  and	  2’s	  MCPs	  were	  manufactured	  and	  supplied	  by	  Photonis	  several	  months	  apart).	  The	  average	  particle	  size	  data	  for	  Round	  1	  did	  not	  show	  a	   clear	   trend	   with	   respect	   to	   the	   volume	   of	   water	   used	   to	   backfill	   the	   jigs.	  However,	  for	  Round	  2	  there	  was	  a	  more	  defined	  negative	  correlation	  of	  particle	  size	  with	  depth	  in	  channel	  (distance	  on	  the	  x-­‐axis).	  This	   is	   in	  keeping	  with	  the	  observation	  that	  the	  efficacy	  of	  the	  plasma	  on	  growth	  would	  be	  restricted	  as	  it	  penetrated	   deeper	   into	   the	   channel,	   as	   has	   been	   reported	   by	   others.4	   As	   the	  initial	   starting	   size	   of	   the	  ND	   is	   fixed	   at	   5-­‐10	  nm,	   variation	   in	   the	   grown	  NCD	  
Sample	  name	   Seeding	  parameters	   Channel	  penetration	  (µm)	   Penetration	  diamters	  1411-­‐1	   1	  min	  dip	   20.3	   3.4	  1411-­‐2	   5	  sec	  US	   5.8	   1.0	  1411-­‐3	   30	  sec	  US	   20.8	   3.5	  1411-­‐4	   5	  mins	  US	   20.5	   3.4	  1411-­‐5	   10	  mins	  US	   19.0	   3.2	  blank	  mcp	   	   	   	  
Table	   7.3	   Round	   2’s	   raw	   data	   of	   depth	   of	   penetration	   (µm)	   as	   a	   function	   of	  
backfill	  volume	  (µl).	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layers	   must	   be	   ascribed	   to	   the	   local	   conditions	   within	   the	   plasma.	   Diamond	  growth	  rates	  have	  previously	  been	  negatively	  correlated	  with	  distance	  from	  the	  carbon	   activation	   vector11	  as	   the	   gas	  phase	  mixture	   is	   altered	  by	   surface	   (and	  gas	   phase)	   recombination	   reactions.4	   Whilst	   the	   data	   does	   not	   conclusively	  prove	   this	   hypothesis,	   the	   results	   suggest	   an	   effect	  would	  be	   less	   than	   a	   50%	  drop	  over	  30µm.	  The	  range	  of	  average	  grain	  size	  throughout	  Rounds	  1	  and	  2	  did	  not	   exceed	   34	   nm	   (e.g.	   #1709-­‐3:	  maximum	  –	   77	  nm,	  minimim	  –	   34	   nm).	   It	   is	  worth	  noting	   that	  sample	  1709-­‐3	   is	   the	  maximum,	  whereas	   the	  average	  range	  was	  calculated	  to	  be	  23	  nm.	  The	  absolute	  values	  for	  the	  average	  grain	  size	  did	  not	  fall	  below	  10	  nm	  (#2510-­‐1)	  nor	  exceed	  77	  nm	  (#1709-­‐3).	  This	  reduction	  in	  growth	   rate	  has	   implications	   for	   future	   secondary	  electron	  emission,	   as	   it	   has	  been	   reported	   that	   increased	   distance	   from	   the	   CVD	   plasma	   causes	   a	   lower	  incidence	   of	   hydrogen	   incorporation	   on	   the	   diamond	   surface,12	  which	   in	   the	  present	  case	  would	  translate	  to	  lower	  secondary	  electron	  yields.	  	  
	  
Atomic	   force	   microscopy	   (AFM)	   results	   from	   Chapter	   8	   have	   shown	   the	  thickness	   of	   the	  NCD	   layers	   grown	   in	   similar	   conditions	   to	   be	  ~500nm	  when	  grown	   on	   silicon	   wafers.	   Therefore	   although	   the	   SEM	   data	   cannot	   determine	  accurately	   what	   the	   growth	   thickness	   is,	   a	   reasonable	   estimation	   of	   the	  thickness	  was	  found	  by	  examining	  the	  cleaved	  edge	  of	  the	  MCP	  near	  or	  on	  the	  top	   surface	   (whichever	   was	   more	   apparent)	   and	   taking	   an	   average	   of	   six	  measurements.	   Both	   Round	   1	   and	   2	   showed	   approximately	   the	   same	  thicknesses	  of	  growth,	  between	  100	  and	  145nm.	  Hence,	  we	  can	  come	  to	  a	  very	  approximate	  value	  for	  the	  growth	  rate	  of	  33-­‐48nm/hour,	  which	  contrasts	  with	  the	   value	   for	   growth	   on	   silicon	   substrates	   ~167nm/hr.	   Noting	   that	   the	  efficiency	   of	   cooling	   on	   silicon	   substrates	   was	   better	   presumably	   due	   to	   the	  higher	   thermal	   conductivity	   seen	   on	   silicon	   wafer	   than	   microstructured	   PbO	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glass,13,14	  allowing	   for	   a	   higher	   plasma	   power	   and	   pressure	   than	   on	   MCPs.	  However,	   the	   increase	   of	   growth	   rates	   seen	   cannot	   be	   fully	   explained	   by	   the	  differences	  in	  growth	  conditions,	  the	  choice	  of	  substrate	  is	  a	  likely	  cause	  of	  the	  large	   disparity	   as	   PbO	   glass	   is	   an	   unusual	   platform	   for	   diamond	   growth	   –	  whereas	  silicon	  has	  been	  shown	  to	  be	  a	  good	  substrate	  for	  diamond	  growth.15	  	  
	  
Particle	  density	  has	   an	   important	   effect	   on	   average	   grain	   size,	   as	   at	   lower	  densities	   particles	   were	   less	   constrained	   and	   were	   allowed	   to	   achieve	  maximum	   diameter.	   At	   high	   particle	   densities	   where	   continuous	   films	   are	  observed,	  the	  term	  grain	  density/size	  is	  more	  appropriate	  to	  describe	  NDs	  that	  have	   coalesced	   into	   larger	   grains.	   During	   Round	   2,	   where	   the	   seeding	   was	  generally	   seen	   to	   be	   ‘cleaner’	   or	   less	   stacked,	   the	   density	   near	   the	   top	   of	   the	  channel	  was	  so	  high	  that	  there	  is	  an	  observable	  drop	  in	  average	  particle	  size	  in	  the	  majority	  of	  the	  samples	  for	  the	  first	  few	  micrometres	  (this	  is	  most	  apparent	  in	  #1411-­‐2).	  The	  particle	  density	  can	  be	  seen	  to	  have	  a	  general	  trend	  of	  falling	  off	   with	   depth	   in	   channel.	   The	   changing	   of	   the	   backfill	   volume	   in	   Round	   1	  results	   in	   a	   predictable	   exponential	   change	   of	   penetration	   with	   continuous	  coverage	  in	  Round	  1	  (see	  Figure	  7.9).	  In	  Round	  2	  there	  is	  much	  less	  variation	  of	  depth	   with	   continuous	   coverage	   when	   only	   the	   seeding	   technique	   is	   varied,	  although	   there	   is	   a	   slight	   correlation	   of	   duration	   of	   ultrasonication	   with	  penetration	  of	   (non-­‐continuous	   layers)	  of	  particles	  –	  however,	   the	  goal	  of	   this	  investigation	  is	  the	  penetration	  of	  full	  continuous	  layers	  of	  particles	  and	  so	  this	  effect	   is	   of	   little	   importance	   to	   the	   overall	   aims	   of	   this	   project.	   The	   range	   of	  densities	  observed	  in	  each	  Round	  were	  similar,	  with	  ~1010	  particles	  per	  square	  centimetre	   near	   the	   entrance	   to	   the	   channel,	   and	   ~109	   at	   the	   end	   of	   the	  measurement	  –	  where	  the	  SEM	  imaging	  was	  halted	  due	  to	  the	  lack	  of	  coverage.	  This	  high	  seeding	  density	  shows	  hydrocolloidal	  ND	  to	  be	  a	  good	  candidate	   for	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the	   seeding	   of	   complex	  3-­‐D	   structures,	  with	   densities	   approaching	   that	   of	   the	  highest	  reported	  in	  the	  literature.16	  	  
	  
The	   data	   shows	   the	   expected	   trend	   of	   decreasing	   coverage	   with	   distance	  from	  the	  channel	  entrance.	  Throughout	  Round	  1,	  there	  appears	  a	  section	  of	  full	  coverage	  followed	  by	  a	  sharp	  cut-­‐off,	  indicating	  the	  variation	  of	  water	  backfill	  is	  having	   the	  desired	  effect	  of	  preventing	  significant	   ingress	  of	  ND	  deep	   into	   the	  channel.	  Round	  1	  showed	  a	   large	   range	  of	  penetration	  with	  a	   range	  of	  <1D	   to	  10D	  (where	  D	  corresponds	  to	  the	  channel	  diameter	  -­‐	  6	  µm).	  However,	  the	  SEM	  images	   revealed	   the	  quality	  of	   seeding	   to	  be	  generally	  of	   a	   lower	  quality	   than	  seen	  in	  later	  samples	  (Round	  2).	  On	  the	  top	  surface,	  there	  seems	  to	  be	  an	  excess	  of	  ND	  deposited,	  with	  conglomerations	  occurring	  throughout	  the	  seeded	  part	  of	  the	  channel.	  The	  20µl	  backfill	  (#0410-­‐1)	  gave	  a	  full	  coverage	  coating	  to	  a	  depth	  of	  ~60µm	  –	  or	  10D,	  achieving	  the	  goal	  of	  this	  work.	  	  
	  
However,	  during	  Round	  2,	  whilst	  still	  using	  20µl	  backfill	  of	  the	  MCP	  seeding	  jig	  but	  whilst	  examining	  the	  variation	  in	  seeding	  deposition	  technique	  and	  time,	  there	  was	  much	  less	  variation,	  all	  were	  ~3D.	  There	  was	  also	  a	  general	  decrease	  in	  penetration	  depth,	  comparable	   to	  a	  backfill	  of	   several	  hundred	  micro	   litres.	  Again,	   this	   may	   be	   due	   to	   the	   variation	   between	   batches	   of	   reduced	   and	   full	  channel	   MCPs,	   leading	   to	   concern	   for	   the	   reliability	   of	   ND	   penetration	   in	   an	  industrial	  setting.	  One	  likely	  contender	  for	  the	  cause	  of	  this	  variation	  is	  the	  use	  by	   Photonis	   of	   a	   hydrogen	   anneal	   to	   fine	   tune	   the	   measured	   strip	   current	  (essentially	   the	   resistance	   between	   the	   top	   and	   bottom	   surfaces	   of	   the	  MCP)	  causing	   variation	   in	   the	   surface	   charge	   between	  MCP	   batches,	   and	   hence	   the	  ease	  at	  which	  ND	  seeding	  occurs.	  This	  effect	  was	  unanticipated	  in	  this	  context,	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as	  adhesion	  of	  nanoparticles	  to	  the	  MCP	  surface	  had	  not	  been	  attempted	  before	  (to	   the	   author’s	   knowledge)	   and	   hence	   the	   tuning	   hydrogen	   anneal	   might	  require	  revaluation	  if	  the	  addition	  of	  ND	  layers	  to	  the	  final	  product	  is	  given	  the	  go	   ahead.	   Before	   any	   drastic	   action	   would	   be	   taken,	   further	   work	   would	   be	  necessary	  to	  properly	  elucidate	  the	  cause	  of	  this	  variation.	  
	  
As	   a	   side	   note,	   the	   technique	   of	   backfilling	   the	   jig	  with	   full	   channel	  MCPs	  gave	  a	  wide	  variation	  of	  seeding	  density	  when	  comparing	  from	  edge	  to	  centre.	  This	  is	  likely	  due	  to	  the	  backfill	  only	  filling	  the	  central	  channels,	  the	  outer	  ones	  are	   left	   vacant,	   allowing	   ND	   solution	   to	   enter.	   This	   observation	   indicates	   full	  size	  MCPs	  will	  require	  a	  redesigned	  seeding	  technique.	  However,	  as	  this	  project	  is	  primarily	  interested	  in	  proving	  the	  project	  concept	  in	  reduced	  channel	  MCPs,	  the	  observed	  variation	  is	  of	  low	  importance	  currently.	  
7.5. Concluding	  remarks	  	  
The	   design	   of	   the	   sample	   cooler,	   did	   eventually	   yield	   positive	   results	   (see	  Chapter	   8),	   however	   it	   can	   be	   seen	   that	  modification	   of	   precision	   engineered	  scientific	  equipment	  is	  not	  a	  trivial	  undertaking.	  Iterative	  design	  methods	  were	  employed	  and	  with	  persistence,	  the	  final	  design	  was	  successful	  and	  will	  be	  put	  to	   use	   both	   in	   the	   continuation	   of	   this	   project	   and	   by	   later	   members	   of	   the	  project	  team.	  Further	  characterisation	  of	  the	  final	  design	  is	  still	  needed	  to	  glean	  the	  maximal	   benefit	   of	   the	   cooler.	   This	   characterisation	  would	   investigate	   the	  optimal	  plasma-­‐substrate	  distance	  and	  the	  cooling	  efficacy	  on	  multiple	  growth	  substrates	   (varying	   in	   both	   material	   and	   dimensions).	   However,	   for	   the	  purposes	   of	   this	   chapter	   the	   advanced	   cooler	   design	   can	   be	   said	   to	   function	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extremely	  well	  and	  will	  prove	  a	  useful	   tool	   in	   further	  avenues	  of	   investigation	  within	  the	  field	  of	  low	  temperature	  MWPECVD	  growth.	  
	  
This	   chapter	   has	   shown	   that	   there	   can	   be	   close	   control	   of	   depth	   of	  nanodiamond	  penetration	  up	  to	  and	  including	  the	  desired	  ‘10D’.	  This	  method	  of	  ND	   seeding	   can	   be	   scaled	   up	   to	   substrates	   of	   unlimited	   size,	   which	   will	  undoubtedly	  be	  useful	  within	  industrial	  applications.	  Additionally	  the	  need	  for	  backfilling	   the	  MCP	   suggests	   that	   extremely	  deep	  penetration	  of	   3D	  objects	   is	  possible.	  This	  leads	  to	  the	  conclusion	  that	  coating	  conformal	  diamond	  layers	  on	  increasingly	  complex	  structures	  can	  be	  achieved	  with	  careful	  seeding,	  assuming	  the	   subsequent	   growth	   mechanism	   can	   cope	   with	   the	   complexity	   presented.	  Even	   without	   subsequent	   growth	   into	   NCD,	   the	   ability	   to	   form	   ND	   layers	  throughout	  the	  MCP	  for	  the	  first	  time	  opens	  several	  avenues	  of	  exploitation	  of	  diamond	  hybrid	  devices.	  The	   results	   clearly	   show	   the	  backfill	   volume	   to	  be	  of	  great	   importance	   to	   the	   depth	   of	   ND	   penetration,	   whilst	   the	   seeding	  durations/energies	   investigated	   did	   not	   provide	   a	   great	   variation	   in	   effect.	   In	  addition,	  it	  has	  been	  seen	  that	  highly	  conformal	  NCD	  films	  can	  be	  grown	  in	  the	  centre	   of	   a	   reduced	   channel	   MCP.	   However	   to	   date,	   both	   these	   desirable	  characteristics	  have	  not	  yet	  been	  performed	  on	  a	   full	   size	  MCP.	  The	  discovery	  that	  NCD	  grows	  at	  a	  much	  slower	   rate	   (around	   four	   times	   lower)	  on	   the	  MCP	  has	   implications	   for	   the	   remainder	   of	   the	   collaboration	   with	   Photonis,	   as	  complete	  layers	  are	  required	  to	  maximise	  the	  benefit	  brought	  by	  the	  addition	  of	  diamond	  to	  the	  channel.	  This	  effect	  has	  been	  observed	  more	  generally	  before	  by	  diamond	  growers,	  however	  the	  unique	  composition	  of	  the	  MCP	  glass	  means	  the	  rates	   found	   over	   the	   course	   of	   this	   project	   will	   usefully	   add	   to	   the	   current	  catalogue	  of	  diamond	  growth	  rates.	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8.1. Introduction	  	  
As	   part	   of	   the	   project	   to	   enhance	   Photonis’	   current	   generation	   of	  microchannel	  plates	   (MCPs),	   a	   study	  was	  performed	   investigating	   the	  optimal	  growth	   parameters	   to	   maximise	   the	   secondary	   electron	   yield	   (SEY)	   of	  nanocrystalline	   diamond	   (NCD)	   films.	   Therefore,	   as	   mentioned	   in	   Chapter	   7,	  combining	  the	  higher	  SEY	  of	  diamond	  with	  the	  current	  capabilities	  of	  the	  MCP.	  Here,	   temperature	   was	   the	   primary	   variable	   due	   to	   the	   400-­‐420°C	   softening	  point	  of	  a	  MCP.	  Due	  to	  the	  high	  cost	  and	  complexity	  of	  the	  MCP,	  silicon	  was	  used	  as	  a	  platform	  for	  growth.	  Silicon	  was	  used	  due	  to	  its	  near	  ideal	  characteristics	  as	  a	   model	   growth	   platform	   -­‐	   namely	   low	   cost,	   ease	   of	   availability	   of	   both	  conductive	   (doped)	   and	   insulating	   (intrinsic)	   substrates,	   and	   the	   ease	   in	  growing	   NCD	   upon	   it	   due	   to	   its	   ability	   to	   accept	   nanodiamond	   (ND)	   seeds	  adsorbed	  to	  its	  surface.1	  However,	  the	  great	  ease	  with	  which	  NCD	  can	  be	  grown	  upon	   silicon	   does	   contrast	   with	   the	   significantly	   lower	   growth	   rates	   seen	   on	  MCPs	  (see	  chapter	  7).	  Therefore,	  all	  the	  results	  presented	  in	  this	  chapter	  refer	  to	  NCD	  grown	  on	  silicon	  wafer.	  
	  
As	   a	   result	   of	   the	   growth	   process,	   the	   surface	   of	   NCD	   emerges	   hydrogen	  terminated.2	  This	  leads	  to	  a	  property	  known	  as	  negative	  electron	  affinity	  (NEA),	  see	   section	   4.11	   for	   a	   detailed	   explanation	   of	   this	   effect.	   This	   removes	   the	  barrier	  for	  secondary	  electron	  emission	  and	  combined	  with	  the	  wide	  band	  gap	  seen	   in	   diamond	   (Eg	   ≈	   5.5	   eV),	   prevents	   the	   low	   energy	   secondaries	   from	  colliding	   with	   valence	   electrons,3	  allowing	   for	   high	   SEY.	   Very	   high	   secondary	  yields	  have	  been	  reported	  on	  several	  diamond	  systems.	  However	  these	  headline	  results	   typically	   utilise	   natural	   single	   crystal	   diamond, 4 	  chemical	   vapour	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deposition	  (CVD)	  grown	  single	  crystal	  diamond,5	  and	  boron	  or	  nitrogen	  doped	  CVD	   diamond.6,7	  Unfortunately	   each	   of	   these	   are	   unable	   to	   be	   incorporated	  within	  a	  MCP	  structure	  as	  natural	  diamond	  would	  be	   too	  costly,	   single	  crystal	  diamond	   would	   not	   grow	   on	   three	   dimensional	   structures	   (nor	   on	   non-­‐homoepitaxial	   substrates),	   and	   doped	   diamond	   would	   reduce	   the	   effective	  cross-­‐MCP	   resistance,	   preventing	   the	   1000	  V	   necessary	   for	   normal	   operation.	  However,	  high	  SEYs	  on	  polycrystalline	  diamond	  have	  been	  reported,5	  and	  hence	  the	  compatibility	  of	  NCD	  on	  MCPs	   leads	  directly	   to	   the	  work	  presented	   in	   this	  chapter.	  
	  
Conventionally	   diamond	   is	   grown	   between	   800-­‐1000°C, 8 	  however	   as	  previously	   mentioned	   the	   MCP	   is	   limited	   to	   400-­‐420°C.	   Such	   low	   growth	  temperature	  of	  diamond,	  whilst	  critically	  sub-­‐optimal,	  has	  been	  reported	  quite	  early	  in	  the	  literature,	  due	  to	  the	  interest	  in	  combining	  CVD	  diamond	  with	  other	  material	  systems	  that	  would	  not	  withstand	  such	  high	  temperatures.	  A	  review	  by	  Muranaka	   and	   co-­‐workers	   as	   early	   as	   1994	   reports	   on	   several	   growth	  chemistries	   achieving	   low	   temperature	   growth	   of	   diamond.9 	  Of	   these,	   the	  CH4/H2	  chemistry	  that	  has	  found	  widespread	  popularity	  (and	  is	   in	  use	  for	  this	  project),	  was	  reported	  to	  grow	  diamond	  at	  430°C	  using	  low	  energy	  microwave	  plasma	  without	   additional	   substrate	   cooling.10	  However,	   DC	   plasma	   excitation	  achieved	  growth	  at	  temperatures	  as	  low	  as	  140°C	  using	  the	  same	  gas	  system.11	  This	  diverse	  range	  comes	  at	  the	  cost	  of	  crystalline	  quality,	  as	  defined	  by	  Raman	  spectroscopy12	  where	   ~400°C	   appears	   to	   be	   the	   cut	   off	   temperature	   for	   high	  quality	   films.	   This	   cut	   off	   point	   is	   likely	   to	   correspond	   to	   a	   reduction	   in	   SEY,	  although	  there	  is	  currently	  no	  direct	  evidence	  for	  this	  in	  the	  literature.	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Whilst	  electron	  emission	  from	  hydrogen	  terminated	  diamond	  has	  been	  well	  established,2-­‐7	  less	  well	  characterised	  is	  the	  use	  of	  alkali	  metals	  on	  the	  diamond	  surface	   to	   create	   a	   stable	   NEA	   surface.	   Alkali	   metals	   have	   been	   utilised	   for	  electron	  emission	  for	  quite	  some	  time,	  with	  Mearini	  et	  al.	  using	  coatings	  of	  CsI	  on	   diamond	   in	   1995.13	  These	   coatings,	   under	   electron	   beam	   irradiation	   leave	  the	   surface	   Cs	   terminated	   and	   result	   in	   SEY	   ten	   times	   that	   of	   the	   as	   grown	  surface.	   Very	   recently,	   a	   group	   led	   by	   Ley	   reported	   an	   enhancement	   factor	   of	  200	  of	  a	  lithium	  treated	  surface	  over	  that	  of	  oxygen	  terminated	  diamond	  (which	  exhibits	   a	   positive	   electron	   affinity).14	  Such	   high	   enhancement	   factors	   are	   no	  doubt	   aided	   by	   the	   use	   of	   doped	   single	   crystal	   diamond,	   but	   the	   change	   is	  nonetheless	  profound.	  In	  other	  work	  resulting	  from	  the	  collaboration	  between	  UCL	  and	  Photonis	   (which	  will	  not	  be	  presented	  here),	   caesium	   termination	  of	  NCD	   layers	   yielded	   an	   enhancement	   of	   SEY	   over	   hydrogen	   terminated	   NCD.	  Therefore,	   consideration	   of	   the	   potential	   gains	   to	   be	   made	   by	   alternative	  surface	  terminations	  is	  necessary	  when	  evaluating	  the	  results	  contained	  in	  this	  chapter.	  
	  
8.2. Experimental	  methods	  	  
Seeding:	  Silicon	  substrates	  (highly	  doped,	  as	  used	  in	  section	  6.2)	  were	  first	  cleaned	  using	  the	  standard	  RCA	  SC1	  procedure:	  
	  
ι. Mix	  NH3OH:H2O2:D.I	  water	  in	  a	  1:1:5	  ratio	  sufficient	  to	  cover	  samples	  
ιι. Heat	  mixture	  to	  75°C	  
ιιι. Add	  silicon	  wafer	  and	  allow	  to	  react	  for	  10	  minutes	  (at	  75°C)	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ιϖ. Rinse	  silicon	  in	  D.I	  water	  with	  ultrasonic	  agitation	  for	  1	  minute	  
ϖ. N2	  dry	  	  
	  
Nanodiamond	   (ND)	   was	   then	   seeded	   on	   the	   silicon	   substrates	   using	   the	  methods	   described	   in	   section	   5.2,	  with	   the	   addition	   of	   a	   piece	   of	   low	   residue	  tape	   over	   one	   corner	   to	   allow	   for	   film	   thickness	   determination.	   The	   tape	  was	  removed	   prior	   to	   growth	   and	   any	   residue	   is	   of	   low	   concern	   as	   it	   would	   be	  removed	  during	  the	  first	  few	  seconds	  of	  exposure	  to	  a	  hydrogen	  plasma.	  
	  
Growth:	  NCD	  was	  grown	  according	  to	  the	  procedure	  laid	  out	  in	  section	  7.2.	  The	  microwave	  power,	  gas	  pressure,	  and	  applied	  cooling	  intensity	  were	  varied	  in	  order	  to	  achieve	  growth	  temperatures	  of	  380,	  400,	  420,	  600,	  and	  800°C	  for	  a	  duration	  of	  3	  hours	  (unless	  explicitly	  stated	  otherwise).	  All	  samples	  presented	  in	   section	   8.3.1	   were	   grown	   on	   the	   2	   pipe	   cooler	   depicted	   in	   figure	   7.8.	   The	  samples	  presented	  in	  section	  8.3.2	  were	  grown	  on	  the	  latest	  iteration	  of	  cooler	  design,	   the	   2	   pipe	   reservoir	   cooler	   (figure	   7.10),	   resulting	   in	   the	   use	   of	   the	  higher	   applied	  microwave	   power	   presented	   in	   table	   7.1.	   These	   later	   samples	  were	  also	  grown	  shortly	  after	  a	  recalibration	  of	  the	  mass	  flow	  controllers	  (MKS	  1159,	   powered	   by	   a	   MKS	   247	   four	   channel	   mass	   flow	   controller	   power	  supply/readout),	  which	  gives	  greater	   reliability	   to	   the	  stated	  methane	  ratio	  of	  0.5%.	   	  After	  growth,	  all	  samples	  were	  allowed	  to	  cool	   in	  hydrogen	  to	  ensure	  a	  well	  hydrogenated	  surface.	  
	  
Secondary	   electron	   yield:	   Measurements	   were	   taken	   in	   a	   custom	   built	  vacuum	  chamber,	  with	   a	  Kimball	   Physics	  EGG-­‐301	   electron	   gun	   as	   the	   source	  combined	  with	  a	  Keithley	  487	  voltage	  source	  and	  a	  Keithley	  6485	  picoammeter.	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All	   samples	   were	   dried	   within	   the	   vacuum	   chamber	   on	   a	   ceramic	   heater	   at	  150°C	  prior	  to	  measurment	  to	  remove	  the	  adsorbed	  wetting	  layer,	  which	  would	  quench	   any	   electrons	   escaping	   the	   surface.	   Measurements	   were	   taken	   in	  vacuum	   pressures	   lower	   than	   5×10-­‐6	  mbar.	   To	  measure	   the	   SEY	   of	   a	   surface,	  first	  the	  primary	  electron	  beam	  current	  (Ip)	  is	  established	  by	  biasing	  the	  sample	  with	   a	   large	   positive	   voltage	   (+500	   V)	   to	   reabsorb	   any	   secondary	   electrons	  emitted.	   The	   current	   flowing	   through	   the	   sample	   to	   ground,	   designated	   It	   is	  equal	   to	   Ip	   (see	   Figure	   4.13).	   By	   reversing	   the	   polarity	   of	   the	   sample	   bias,	  emitted	  secondary	  electrons	  are	  repelled	  from	  the	  surface	  (IS),	  subtracting	  from	  the	  current	  measured,	  giving	  Ip	  -­‐	  IS.	  Therefore	  SEY	  can	  be	  calculated	  as	  follows:	  
	  
Sample	  to	  ground	  current	  	  at	  positive	  bias;	   	  
Sample	  to	  ground	  current	  at	  negative	  bias;	   	  
substituting	  gives:	  
	  
By	   combining	   the	   primary	   beam	   energy	  with	   the	   influence	   of	   the	   applied	  bias,	   the	   incident	  electron	  kinetic	  energy	  can	  be	  determined	  using	  the	   identity	  .	  Therfore	  SEY	  can	  be	  plotted	  as	  a	  function	  of	  Ei.	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Scanning	  electron	  microscopy:	  The	  SEM	  was	  used	  as	  described	  in	  section	  7.2.	  However,	  the	  addition	  of	  a	  conductive	  carbon	  over	  layer	  was	  not	  required.	  
	  
Atomic	   force	   microscopy:	   AFM	   was	   used	   to	   measure	   the	   step	   height	  difference	   between	   the	   NCD	   layer	   and	   the	   bare	   silicon	   substrate.	   The	  microscope	  was	   used	   as	   described	   in	   section	   5.2,	   although	   only	   the	   line	   scan	  data	  was	  used.	  
	  
Raman	  spectroscopy:	  Raman	  spectroscopy	  was	  performed	  on	  the	  NCD	  layers	  using	   the	   equipment	   and	   procedure	   detailed	   in	   section	   5.2.	   However,	   one	  deviation	   from	   the	   aforementioned	   procedure	   was	   in	   the	   choice	   of	   laser	  intensity.	   NCD	   has	   excellent	   thermal	   conductivity 15 	  and	   as	   a	   result	   laser	  intensity	  was	  raised	  from	  10%	  to	  100%	  to	  achieve	  greater	  signal	  to	  noise	  ratio	  without	  risk	  of	  damage	  to	  the	  sample.	  
	  
	  
8.3. Results	  and	  discussion	  	  
8.3.1 Secondary	  electron	  yield	  of	  NCD	  as	  a	  function	  of	  growth	  
temperature	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400˚C	  
	  
	  
The	   layer	   grown	   at	   400°C	   exhibits	   a	   very	   different	   surface	  morphology	   in	  comparison	   to	   that	   seen	   at	   380°C	   (Figure	   8.13).	   The	   average	   grain	   size	   is	  markedly	  smaller,	  less	  than	  100	  nm,	  suggesting	  renucleation	  of	  the	  NCD	  grains	  is	  happening	  at	  a	  greater	  rate	  than	  that	  seen	  at	  380°C.	  	  This	  shift	  in	  morphology	  (which	   is	   not	   seen	   in	   the	   other	   growth	   temperatures)	   indicates	   the	   critical	  growth	  temperature	  for	  this	  gas	  system	  lies	  between	  380	  and	  400°C,	  which	  is	  in	  good	  agreement	  with	  that	  reported	  by	  Michler	  and	  co-­‐workers.2	  The	  NCD	  layer	  shows	  complete	  coverage	  of	  the	  substrate	  and	  the	  measured	  thickness	  was	  223	  nm	  (Figure	  8.2)	  giving	  a	  growth	  rate	  around	  74	  nm/hr.	  
Figure	  8.1	  Scanning	  electron	  micrograph	  of	  NCD	  surface	  grown	  at	  400°C.	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The	  Raman	  spectrum	  of	  the	  film	  grown	  at	  400°C	  (Figure	  8.3)	  shows	  a	  very	  weak	   sp3	   peak	   centred	   at	   1336	   cm-­‐1	   (associated	   with	   the	   first	   order	   Raman	  mode	   of	   the	   cubic	   diamond	   lattice) 16 	  and	   a	   larger	   peak	   at	   1559	   cm-­‐1,	  corresponding	   to	   poor	   quality	   diamond.	   The	   peak	   at	   1559	   cm-­‐1	   is	   associated	  with	  the	  G-­‐band,	  however	  the	  relative	   intensities	  are	  misleading	  as	  graphite	   is	  known	  to	  have	  a	  Raman	  scattering	  efficiency	  ratio	  50	  times	  that	  of	  diamond	  17	  and	  233	  times	  for	  amorphous	  carbon,18	  (measured	  with	  a	  514.5	  nm	  wavelength	  
Figure	  8.2	  AFM	  line	  scan	  of	  NCD	  film	  grown	  at	  400°C.	  
1336 
	  
1559 
	  
Figure	  8.3	  Raman	  spectrum	  of	  NCD	  film	  grown	  at	  400°C.	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laser,	  as	  used	  in	  this	  thesis)	  resulting	  in	  a	  comparatively	  stronger	  peak.	  As	  with	  the	  film	  grown	  at	  380°C,	  there	  is	  a	  strong	  background	  luminescence.	  The	  large	  background	   luminescence	   detected	   (resulting	   in	   a	   positive	   slope	   convoluted	  with	   the	   Raman	   peaks)	   is	   likely	   a	   result	   of	   defects	   and	   impurities	   in	   the	  diamond	   lattice.19	  	   Figure	   8.4	   shows	   a	   maximum	   SEY	   of	   5.7	   at	   700	   eV.	   The	  observation	   that	   the	   peak	   gain	   occurs	   at	   higher	   incident	   energy	   suggests	  secondaries	  are	  being	  generated	  and	  emitted	  most	  effectively	  further	  from	  the	  surface	  than	  in	  the	  380°C	  sample.20	  	  
	  
	  
Figure	   8.4	   SEY	   of	   NCD	   film	   grown	   at	   400°C	   as	   a	   function	   of	   incident	   electron	  
energy.	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Figure	  8.5	  shows	  the	  surface	  grown	  at	  800°C	  is	  similar	  to	  that	  seen	  at	  600°C,	  with	   slightly	  more	   definition	   of	   grains	   –	   although	   this	  may	   be	   a	   SEM	   artefact	  from	   improved	  micrograph	   focus.	  Following	   the	   trend	   throughout	   this	   sample	  set,	   the	   thickness	   of	   the	   800°C	   growth	  was	  measured	   to	   be	   2.7	   µm,	   giving	   an	  average	  growth	  rate	  over	  the	  three	  hour	  run	  of	  900	  nm/hr	  –	  4.5	  times	  the	  rate	  seen	  at	  600°C	  (Figure	  8.6).	  
Figure	  8.6	  AFM	  line	  scan	  of	  NCD	  film	  grown	  at	  800°C.	  
Figure	  8.5	  SEM	  of	  NCD	  surface	  grown	  at	  800°C	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  Figure	  8.7	   displays	   a	  wide	   array	   of	   peaks	   from	   the	  Raman	   spectrum.	  The	  first	   at	   1134	  cm-­‐1	  can	   again	   be	   ascribed	   to	   trans-­‐polyacetelene,	   1333	   cm-­‐1	  can	  also	   be	   attributed	   to	   sp3	   carbon,	   whilst	   the	   peak	   at	   1364	   cm-­‐1	   has	   been	  previously	   attributed	   to	   graphitic	   deposits.21	  	   The	   two	   slightly	   overlapping	  peaks	   at	   1472	   and	   1548	   cm-­‐1	  are	   considerably	   stronger	   than	   the	   other	   peaks	  presented.	  1472	  cm-­‐1	  has	  not	  yet	  been	  assigned,	  although	  some	  reports	  link	  it	  to	  sp3	  carbon	  based	  systems,22	  whereas	  1548	  cm-­‐1	  has	  been	  previously	  associated	  with	   the	   G	   peak.23	  This	   association	   is	   somewhat	   contentious	   as	   others	   have	  argued	  this	  peak	  may	  be	  due	  to	  a	  combination	  of	  sp3	  carbon	  and	  the	  D	  peak.24	  	  A	  SEY	   of	   5.5	   was	   measured	   at	   an	   incident	   electron	   energy	   around	   700	   eV,	  although	   the	   broad	   peak	   first	   seen	   at	   600°C	   reappears,	   albeit	   in	   a	   less	   well	  defined	  manner.	  Again,	  the	  increased	  thickness	  of	  the	  800	  and	  600°C	  layers	  are	  the	   likely	   cause.	   This	   SEY	   figure	   is	   comparable	   to	   that	   seen	   on	  NCD	   grown	   at	  400°C.	  
Figure	  8.7	  Raman	  spectrum	  of	  film	  grown	  at	  800°C.	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Figure	  8.8	  Secondary	  elctron	  yield	  	  of	  NCD	  film	  grown	  at	  800°C	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8.3.2 Influence	  of	  sample	  holder	  on	  growth	  and	  gain	  	  
9	  hour	  growth	  
Figure	  8.10	  Scanning	  electron	  micrograph	  of	  NCD	  grown	  at	  400°C	  using	  the	  
2	  pipe	  reservoir	  cooler,	  with	  a	  total	  growth	  duration	  of	  9	  hours.	  
Figure	  8.9	  Cross	  sectional	  view	  of	  9	  hour	  growth	  at	  400°C	  using	  the	  2	  pipe	  
reservoir	  cooler,	  Thickness	  measurements	  of	  the	  NCD	  layer	  were	  made	  with	  the	  
mcroscope	  software	  package	  are	  shown.	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   As	  a	  result	  of	  the	  incomplete	  film	  seen	  in	  Figure	  8.25,	  the	  growth	  duration	  was	   significantly	   increased	   to	   9	   hours	   to	   ensure	   a	   continuous	  NCD	   layer.	   The	  reduced	  growth	  rate	   in	  comparison	  to	  the	  results	  presented	   in	  section	  8.3.1	   is	  likely	   due	   to	   the	   enhanced	   dissociation	   efficacy	   of	   the	   higher	   energy	   plasma	  causing	  a	  greater	  density	  of	  atomic	  hydrogen	  (an	  etchant)	  and	  a	  lower	  density	  of	  graphitic	  precursor	  molecules.25	  	  Figure	  8.10	  and	  Figure	  8.9	  indicate	  this	  was	  successful,	  as	  no	  gaps	  in	  the	  film	  are	  visible.	  Strong	  facetisation	  is	  observed	  with	  surface	   grain	   sizes	   of	   the	   order	   of	   200-­‐250	  nm.	  The	   cross	   section	   view	  of	   the	  film	  shows	  the	   film	  to	  be	  approximately	  193	  nm	  thick,	  giving	  a	  growth	  rate	  of	  the	   order	   of	   20	   nm/hr,	   3-­‐4	   times	   slower	   than	   that	   seen	   in	   the	   comparable	  growth	  using	  the	  earlier	  cooler	   iteration.	  The	  surface	  morphology	  is	  similar	  to	  that	  seen	  in	  NCD	  grown	  at	  more	  traditional	  temperatures.26	  
The	   Raman	   spectrum	   of	   the	   sample	   showed	   an	   extremely	   strong,	   sharp	  peak	   at	   1333	   cm-­‐1,	   indicating	   the	  presence	  of	   high	  quality	  diamond.	  The	  peak	  observed	   at	   1158	   cm-­‐1	   is	   again	   attributed	   to	   trans-­‐polyacetylene	   at	   the	   grain	  boundaries,4	   as	   can	   the	   small	   peak	   at	   1432	  cm-­‐1.27	  Figure	   8.11	   shows	   a	   very	  
Figure	  8.11	  Raman	  spectrum	  of	  9	  hour	  growth	  with	  peaks	  labelled.	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broad	  G	  peak	  between	  1500-­‐1750	  cm-­‐1.	  Punctuating	  this	  broad	  yet	  weak	  feature	  are	   peaks	   at	   1521	   and	   1574	   cm-­‐1,	   the	   former	   is	   associated	   with	   disordered	  graphitic	  carbon,28	  indicating	  a	  small	  amount	  of	  non-­‐diamond	  carbon	  present	  in	  the	  film,	  and	  the	  latter	  is	  also	  attributed	  to	  the	  C-­‐C	  stretching	  mode	  of	  graphitic	  deposits.29	  In	  all,	  Figure	  8.11	  presents	  a	  model	  spectrum	  for	  good	  quality	  NCD.	  
Figure	  8.12	  SEY	  of	  NCD	  surface	  grown	  at	  400°C	   for	  9	  hours	  using	  the	   final	  sample	  cooler,	   the	  2	  
pipe	  reservoir.	  	  	  
	  
228	  	  
	  
Figure	  8.12	  yielded	  the	  highest	  secondary	  electron	  emission	  seen	  using	  low	  temperature	  growth	  parameters.	  The	  high	  value	  of	  9.2,	  coupled	  with	  the	  peak	  centred	  on	  1100	  eV	  suggests	  secondaries	  are	  able	  to	  escape	  from	  a	  greater	  depth.	  This	  increased	  escape	  depth	  in	  comparison	  to	  the	  previous	  examples	  is	  further	  (if	  indirect)	  evidence	  for	  the	  quality	  of	  the	  diamond	  film,	  as	  escape	  depth	  is	  correlated	  with	  carrier	  scattering	  probability.30	  	  
	  
8.4. Concluding	  remarks	  	  
Within	  section	  8.3.1	  (using	  the	  old	  cooler)	  there	  were	  peak	  SEYs	  on	  samples	  grown	  at	  both	  400	  and	  800°C.	  The	  higher	  yield	  seen	  on	  the	  800°C	  sample	  was	  expected,	   as	   this	   lies	   within	   the	   preferred	   temperature	   range	   for	   diamond	  growth.	  However	  the	  high	  yield	  on	  the	  samples	  grown	  at	  400°C	  was	  unexpected	  due	  to	  the	  lower	  quality	  of	  the	  resulting	  film	  (as	  shown	  by	  the	  Raman	  spectrum	  in	   Figure	   8.3).	   One	   possible	   explanation	   is	   the	   combination	   of	   reduced	   film	  thickness	  and	   increased	  sp2	  content	  allows	   for	  reduced	  charging	  effects	  at	   the	  NCD	   surface	   through	   local	   conductive	   regions.	   These	   regions	   would	   provide	  electron	   sources	   for	   the	   replenishment	   of	   the	   emitted	   secondary	   electrons,	  allowing	   for	   the	   continuous	   emission	   from	   the	   nearby	   diamond	   regions.	   The	  complex	  interplay	  between	  high	  and	  low	  quality	  regions	  has	  been	  hinted	  at	  with	  this	   work,	   however	   to	   fully	   understand	   these	   mechanisms,	   further	  investigations	   into	   the	   effect	   of	   methane	   concentration	   and	   plasma-­‐substrate	  distance	  are	  required	  before	  an	  authoritative	  description	  of	  the	  optimal	  ratio	  of	  sp2	  and	  sp3	  seen	  within	  an	  NCD	  film	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The	  primary	  observation	  when	  comparing	  the	  SEY	  results	  of	  sections	  8.3.1	  and	   8.3.2	   is	   that	   temperature	   does	   not	   have	   as	   great	   an	   influence	   on	   SEY	   as	  energy	   density	   –	   greatly	   improved	   yields	   (up	   to	   9.2)	   are	   seen	   on	   the	   higher	  applied	  microwave	  power	  (see	  table	  7.1	  for	  raw	  values).	  This	  was	  a	  surprising	  result	   as	   high	   quality	   diamond	   grown	   at	   low	   temperature	   is	   difficult,	   if	   not	  without	   precedent.31	  This	   result	   then	   raises	   an	   important	   question	   from	   the	  perspective	   of	   the	   device	   engineer:	   at	   what	   point	   does	   this	   relationship	  breakdown?	   This	  will	   undoubtedly	   be	   the	   focus	   of	   future	   collaborations	  with	  Photonis.	  As	  a	  result	  of	  the	  improved	  energy	  densities,	  the	  surface	  morphology,	  as	  determined	  by	  scanning	  electron	  micrographs,	  were	  not	  a	  reliable	  indicator	  of	   SEY.	   However,	   smooth	   or	   ballas	   (rounded)	   type	   NCD	   did	   give	   smaller	   SEY	  then	  that	  seen	  on	  the	  well	  faceted	  layers.	  Scanning	  electron	  micrographs	  appear	  to	  show	  highest	  brightness	  at	  upward	  facing	  crystal	  edges,	  hinting	  at	  an	  optimal	  morphology	  incorporating	  such	  features	  in	  future	  growths	  of	  high	  SEY	  layers.	  
	  
There	  was	  some	  variation	  in	  the	  incident	  electron	  energy	  that	  provided	  the	  peak	  secondary	  electron	  emission.	  This	   is	  closely	  associated	  with	  variations	   in	  the	   scattering	   probabilities	   of	   each	   material.	   Hence,	   when	   the	   peak	   of	   the	  secondary	  electron	  yield	  is	  at	  higher	  incident	  electron	  energy,	  it	  can	  be	  deduced	  that	   the	   escaping	   secondary	   electrons	   are	   originating	   from	   deeper	  within	   the	  sample	  and	  that	  the	  absorption	  coefficient	  has	  decreased.	  This	  has	  the	  knock	  on	  effect	   of	   allowing	   for	   carriers	   generated	   at	   depths	   under	   the	   electron	   escape	  depth	   to	   have	   a	   higher	   probability	   of	   leaving	   the	   surface,	   adding	   to	   the	   total	  yield.	  As	   scattering	  probability	   in	   a	   crystalline	  material	   is	   typically	  dominated	  by	   defects,	   this	   gives	   insight	   into	   the	   quality	   of	   the	   nanocrystalline	   diamond	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films	  produced	  for	  this	  chapter,	  and	  supports	  the	  data	  acquired	  through	  Raman	  spectroscopy.	  
	  
The	   majority	   of	   the	   Raman	   spectra	   suggest	   poor	   quality	   diamond	   was	  grown	  across	  the	  temperature	  range,	  with	  appearance	  closer	  to	  that	  of	  diamond	  like	   carbon.	   When	   taken	   into	   account	   with	   the	   upgraded	   sample	   cooler,	   this	  highlights	  the	  importance	  of	  the	  substrate’s	  position	  in	  relation	  to	  the	  surface	  of	  the	  plasma	  ball	  in	  the	  CVD	  chamber,	  as	  has	  been	  previously	  reported	  by	  Zhou	  et	  
al.	   in	   1994.32	  Other	   variables	   would	   need	   to	   be	   tested	   fully	   for	   a	   complete	  understanding	   of	   the	   optimal	   growth	   conditions	   for	   this	   application,	   such	   as	  methane	   concentration	   and	   growth	  duration.	   Both	   factors	  would	  have	   a	   large	  effect	  on	  final	  film	  thickness,	  for	  which	  the	  optimal	  value	  required	  for	  maximal	  gain,	  is	  not	  yet	  known.	  	  
	  
Finally,	   this	  work	  was	   largely	   successful	   in	   fabricating	   a	  NCD	   layer	  with	   a	  SEY	  near	  10,	   the	  goal	   set	  by	  Photonis.	  Whilst	   this	  avenue	  of	   research	   is	  by	  no	  means	   complete,	   good	   headway	   has	   been	   made	   into	   ultimate	   goal	   of	   the	  incorporation	   of	   NCD	   layers	   in	   night	   vision	   devices,	   and	   with	   further	  refinements,	  should	  yield	  a	  stable	  high	  yield	  secondary	  electron	  emitter.	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This	   thesis	  has	  highlighted	  the	  wide	  array	  of	  potential	  and	  current	  uses	  of	  nanodiamond	   (ND),	   with	   a	   particular	   emphasis	   on	   the	   novel	   industrial	  application	   of	   image	   intensification.	   In	   all,	   ND	   has	   shown	   itself	   to	   be	   a	  remarkably	  versatile	   form	  of	  diamond,	   itself	  already	  a	  material	  used	   in	  a	  wide	  array	  of	   typically	  niche	  applications.	  The	  extreme	  properties	   seen	   in	  diamond	  often	   correlate	   to	   extreme	   performance,	   however	   this	   has	   been	   shown	   to	   be	  tempered	  by	  the	  significant	  technological	  hurdles	  that	  yet	  to	  be	  overcome	  when	  working	  with	  this	  iconic	  material,	  preventing	  the	  uptake	  of	  ND	  as	  an	  electronic	  material.	  Some	  progress	  has	  been	  made	  within	   this	   thesis,	   towards	  narrowing	  this	   gulf	   of	   understanding	   of	   ND,	   which	   is	   detailed	   below.	   However,	   much	  remains	  to	  bring	  ND	  research	  up	  to	  the	  level	  enjoyed	  by	  bulk	  diamond	  and	  even	  other	  electronic	  materials	  (the	  preeminent	  example	  being	  silicon).	  For	  example,	  the	   influence	   of	   applied	   voltage	   and	   current	   on	   ND	   would	   greatly	   help	   the	  progress	  of	  ND	  in	  high	  power	  applications	  (an	  area	  that	  holds	  great	  interest	  for	  those	  looking	  at	  uses	  of	  bulk	  diamond).	  
	  
In	  chapter	  5	  the	  ability	  of	  ND	  based	  biomaterials	  to	  provide	  a	  platform	  for	  neuronal	  outgrowth	  without	   the	  use	  of	  adhesion	  proteins	  was	   reported.	  Here,	  the	   formation	   of	   neuronal	   cell	   networks	   on	   nanodiamond	   layers,	   and	   the	  subsequent	   fabrication	   of	   patterned	   cell	   networks	   has	   been	   presented.	   Glass	  cover	  slips	  were	  coated	  with	  two	  types	  of	  ND,	  using	  three	  deposition	  methods,	  and	  two	  types	  of	  surface	  functionalisation.	  Analysis	  of	  the	  total	  neurite	  length	  as	  a	   function	   of	   ND	   variables	   (average	   roughness,	   equivalent	   disk	   radius,	   and	  seeing	  density)	  found	  all	  the	  ND	  layers	  supported	  the	  murine	  hippocampal	  cells.	  The	   only	   statistically	   significant	   correlation	   was	   the	   inverse	   relationship	  between	  equivalent	  disk	  radius	  and	  total	  neurite	  length,	  suggesting	  the	  smaller	  size	  (or	  higher	  curvature)	  of	  the	  particles	  to	  be	  the	  major	  contributing	  factor	  to	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the	  adhesion	  of	  neurons	  and	  their	  ensuing	  neurite	  outgrowth.	  Interestingly,	  no	  significant	  difference	  was	  seen	  between	  the	  treated	  (hydrogen	  terminated)	  and	  untreated	   (predominately	   oxygen	   containing	   groups)	   surfaces.	   Leading	   from	  these	  two	  observations	  it	  has	  been	  proposed	  that	  the	  adsorption	  of	  proteins	  in	  their	   primary	   functional	   state	   is	   the	   likely	   mechanism	   for	   the	   cell	   adhesive	  properties	   seen	   on	   ND	   layers.	   The	   full	   determination	   of	   the	   adhesion	  mechanism	  remains	  a	  goal	  of	  this	  line	  of	  work,	  and	  future	  experiments	  hope	  to	  elucidate	  this.	  Also	  reported	  in	  this	  chapter	  was	  the	  patterning	  of	  ND	  to	  provide	  a	   structured	   platform	   for	   neural	   networks.	   The	   patterned	   ND	   layers	   were	  successful	   in	   producing	   neuronal	   networks	   conformal	   with	   the	   ND	   pattern,	  down	   to	   10	   µm,	   potentially	   opening	   a	   new	   avenue	   for	   the	   study	   of	   ordered	  neuronal	   networks	   both	   within	   in	   vitro	  environments	   and	   for	   in	   vivo	   chronic	  implants.	  Again,	  further	  understanding	  of	  the	  attachment	  mechanism	  will	  aid	  in	  conferring	  these	  findings	  to	  an	  effective	  laboratory	  tool.	  
	  
Chapter	  6	  presents	  the	  results	  of	  the	  investigation	  into	  the	  effect	  of	  surface	  termination	  of	  NDs	  on	  their	  electrical	  properties.	  The	  lack	  of	  understanding	  of	  the	   effect	   of	   surface	   termination	   on	   ND	   electrical	   properties	   created	   a	  significant	   hurdle	   for	   the	   adoption	   of	   ND	   based	   electronics.	   Additionally	   the	  issue	  of	  reliable	  and	  scaleable	  functionalisation	  routes	  was	  raised.	  As	  a	  result,	  a	  protocol	   for	   the	   facile	   hydrogen	   and	   oxygen	   termination	   of	   NDs	  was	   devised.	  The	   remaining	   issue	   in	   this	   area	   is	   the	   limited	   number	   of	   chemical	   groups	  conferred	   on	   the	   ND	   and	   the	   inhomogeneity	   seen	   via	   Raman	   spectra.	   The	  electrical	  characteristics	  were	  then	  investigated	  using	  impedance	  spectroscopy.	  It	   was	   found	   that	   in	   air	   the	   hydrogen	   terminated	   ND	   was	   more	   resilient	   to	  thermal	   decomposition	   than	   the	   oxygen	   terminated,	   suggesting	   at	   elevated	  temperatures	  (475°C	  onwards)	  the	  hydrogen	  at	  the	  surface	  is	  being	  replaced	  by	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oxygen	  from	  the	  atmosphere.	  This	  then	  results	  in	  the	  permanent	  degradation	  of	  the	  ND	  and	  a	   loss	  of	   the	  high	   impedance	   seen	   initially.	  This	  process	  occurs	  at	  much	  lower	  temperatures	  (200°C)	  on	  the	  oxygen	  terminated	  ND.	  This	  low	  onset	  of	  oxidation	  precludes	  the	  use	  oxygen	  terminated	  ND	  in	  environments	  or	  modes	  operation	   that	   would	   exceed	   200°C	   –	   excluding	   it	   from	   a	   large	   swathe	   of	  potential	  application	  areas	   (particularly	   those	   in	   the	  concerned	  with	   tribology	  and	   heat	   transfer).	   When	   measurements	   were	   taken	   in	   vacuum,	   the	   oxygen	  terminated	   ND	   layers	   showed	   a	   greater	   tolerance	   to	   high	   temperatures,	  surviving	   up	   to	   475°C,	   giving	   weight	   to	   the	   argument	   that	   atmospheric	  conditions	  accelerate	  the	  decomposition	  of	  the	  ND.	  This	  shows	  the	  importance	  of	   surface	   termination	  on	  both	   the	  basic	   electrical	  properties	   and	   the	   thermal	  resilience	  of	  NDs,	   in	  both	  vacuum	  and	  ambient	  conditions.	  Some	  evidence	  was	  present	   of	   surface	   conductivity	   on	   the	   hydrogen	   terminated	   ND	   when	  comparing	  the	  vacuum	  and	  air	  measurements	  as	  the	  phenomenon	  is	  reliant	  on	  surface	  adsorbates	   from	  the	  atmosphere.	  The	   investigation	   into	  hydrogen	  and	  oxygen	   terminated	   ND	   has	   chipped	   away	   at	   the	   lack	   of	   understanding	   of	   the	  electrical	   changes	   that	   differing	   surface	   terminations	   have	   on	   the	  ND	   surface,	  however	  a	   large	  number	  of	   further	  terminations	  remain.	  Building	   from	  simple	  fluorine	   terminations	   all	   the	   way	   through	   to	   complex	   molecules	   –	   an	  understanding	   of	   the	   interaction	   of	   such	   surface	   functional	   groups	  with	   nano	  scale	   diamond	   remains	   outstanding.	   Additionally,	   heating	   under	   vacuum	   to	  higher	  temperatures	  would	  be	  required	  to	  fully	  resolve	  the	  critical	  temperature	  of	  decomposition.	  
	  
Chapter	  7	  begins	  by	  reporting	  the	  increased	  cooling	  efficiency	  of	  successive	  cooler	  designs	  along	  with,	  the	  evolution	  of	  ND	  seeding	  within	  the	  microchannel	  plate	   (MCP).	   3	   dimensional	   coatings	   of	  ND,	   and	   their	   subsequent	   growth	   into	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complex	   shaped	   NCD	   films	   were	   shown	   to	   be	   an	   important	   and	   ever	   more	  demanding	  use	  of	  ND.	  Here,	  the	  industry-­‐led	  aim	  of	  achieving	  a	  60	  µm	  (or	  10D)	  penetration	   of	   ND	   was	   achieved,	   and	   after	   a	   short	   growth	   step,	   the	   MCP-­‐ND	  structures	  was	  then	  analysed	  in	  terms	  of	  grain	  density,	  area	  coverage,	  and	  grain	  size.	  This	  analysis	   revealed	   the	  water	  backfill	   to	  be	  of	  higher	   importance	   than	  the	   manner	   in	   which	   ND	   is	   seeded	   in	   achieving	   a	   10D	   conformal	   NCD	   layer	  within	   the	  MCP.	   However	   it	   remains	   for	   both	   10D	   layers	   and	   fully	   conformal	  NCD	   to	   be	   seen	   in	   the	   same	   sample.	   In	   addition,	   the	   gradual	   improvements	  made	   to	   the	   sample	   cooler	   within	   the	   growth	   chamber	   was	   also	   outlined,	  culminating	   in	   a	   cooler	   design	   that	   allowed	   for	   ~85%	   of	   the	   total	   available	  microwave	   power	   (1270	   W	   of	   a	   total	   of	   1500	   W)	   to	   be	   applied	   whilst	  maintaining	  a	  silicon	  substrate	  temperature	  of	  400°C.	  This	   figure	  was	  reduced	  to	  60%	  (900	  W)	  on	  the	  less	  thermally	  conductive	  MCP	  substrate.	  These	  higher	  energy	   densities	   resulted	   in	   far	   higher	   quality	   NCD	   films,	   as	   evidenced	   by	  Raman	  spectra	  in	  Chapter	  8.	  Therefore	  the	  energy	  density	  was	  seen	  to	  be	  a	  far	  more	  important	  factor	  than	  substrate	  temperature	  in	  the	  growth	  of	  high	  quality	  NCD.	  
	  
The	   final	   experimental	   chapter	  presents	   the	   investigation	   into	   the	  optimal	  growth	   temperature	   of	  NCD	   from	  ND	   seeds	   for	   high	   yield	   secondary	   electron	  emission,	   stemming	   from	   the	   thermal	   budget	   set	   by	   the	  MCP	   (400-­‐420°C).	   It	  was	   found	   that	   the	   growth	   temperature	   has	   a	   large	   effect	   on	   the	   resulting	  surface	  morphology;	   from	  ballas	   to	   faceted	  crystallites.	   In	  addition,	   the	  rate	  of	  NCD	   growth	   is	   strongly	   dependant	   on	   substrate	   temperature.	   However,	  substrate	   temperature	   was	   not	   a	   reliable	   indicator	   of	   film	   quality,	   as	  determined	  by	  Raman	  spectroscopy,	  although	  there	  was	  a	  general	  inverse	  trend	  between	   sp2	   content	   and	   growth	   temperature.	   With	   regard	   to	   secondary	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electron	   yield,	   samples	   grown	   at	   400	   and	   800°C	   gave	   the	   highest	   yields,	   just	  below	  6.	  However	  this	  was	  contrasted	  with	  NCD	  substrates	  grown	  on	  the	  most	  advanced	   design	   of	   the	   sample	   cooler,	   where	   the	   substantially	   higher	   energy	  input	   resulted	   in	   well	   faceted	   films	   with	   maximal	   secondary	   electron	   yield	  around	   10	   on	   films	   grown	   at	   400°C,	   meeting	   the	   goal	   set	   by	   Photonis.	   This	  showed	   the	   energy	   density	   of	   the	   plasma	   ball	   used	   in	   chemical	   vapour	  deposition	  diamond	  growth	   is	  of	  higher	   importance	  than	  growth	  temperature.	  Many	   other	   variables	   remain	   unexplored,	   for	   example	   the	   methane	  concentration	   of	   the	   growth	   and	   the	   substrate-­‐plasma	   distance	   are	   likely	   to	  significantly	   alter	   the	   surface	   and	   hence	   the	   secondary	   electron	   emissive	  properties.	  
	  
Finally,	   this	   work	   has	   resulted	   in	   a	   better	   understanding	   of	   the	   physical	  properties	  of	  ND,	  both	  as	  received	  and	  after	  surface	  functionalisation.	  This	  will	  aid	  the	  design	  of	  ND	  based	  systems,	  particularly	  those	  reliant	  on	  the	  electronic	  properties	  of	  ND.	  Additionally	  this	  thesis	  has	  reported	  on	  the	  useful	  progress	  in	  both	  biological	   and	   applied	  physics	   fields	   of	  ND	  use,	   bolstering	   the	   claim	   that	  although	  still	  in	  its	  infancy,	  ND	  has	  a	  bright	  future	  ahead	  of	  it.	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Future	  work	  	  
This	   thesis	   has	   documented	   both	   the	   continuation	   of	   the	   work	   of	   others	  (Chapters	   5	   and	   6)	   and	   initiated	   novel	   lines	   of	   enquiry.	   However	   the	   search	  continues	  to	  better	  understand	  nanodiamond.	  Here,	  a	  full	  list	  of	  the	  anticipated	  future	  experimental	  work	  is	  given:	  
	  
Chapter	  5	   –	  The	  attachment	  mechanism	  between	  ND	  and	  protein	   remains	  poorly	  understood,	  therefore	  by	  blocking	  groups	  of	  receptors	  through	  the	  use	  of	  exogenous	  chemicals,	  and	  seeding	  neurons	  upon	  the	  ND	  layers,	   it	   is	  hoped	  the	  interaction	  between	  ND	  and	  cellular	  proteins	  can	  be	  picked	  out	  by	  the	  resultant	  variation	  in	  attachment	  probabilities.	  
	  
Chapter	  6	  –	  The	  influence	  of	  the	  magnitude	  of	  applied	  voltage	  was	  hinted	  at	  in	  this	  chapter.	  However	  a	  full	  investigation	  into	  this	  effect	  would	  undoubtedly	  yield	   useful	   information	   with	   respect	   to	   the	   stability	   of	   ND	   under	   high	   field	  conditions.	   Furthermore,	   the	   range	   of	   surface	   terminations	   needs	   to	   be	  expanded	  to	  give	  a	  better	  understanding	  of	  the	  range	  of	  possibilities	  afforded	  by	  surface	   functionalised	   ND.	   Finally,	   high	   temperature	   vacuum	   measurements	  presented	  here	  do	  not	  reach	  high	  enough	  temperatures	  to	  fully	  oxidise	  the	  ND.	  Therefore	   additional	   measurements	   at	   high	   temperature	   (i.e.	   greater	   than	  530°C)	   would	   complement	   the	   presented	   results	   well,	   as	   would	   the	   heating	  being	  performed	  in	  an	  inert	  gas	  atmosphere.	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Chapter	   7	   –	   Although	   the	   goal	   of	   the	   chapter	  was	   ostensibly	  met,	   further	  refinement	   of	   the	   developed	   seeding	   process	   is	   required	   to	   translate	   the	  findings	   outlined	   here	   to	   full	   sized	   MCPs	   for	   use	   in	   actual	   devices.	   A	   full	  characterisation	   of	   the	   final	   iteration	   of	   cooler	   design	   is	   also	   required	   to	  discover	  the	  optimal	  plasma-­‐substrate	  separation.	  
	  
Chapter	  8	  –	  Whilst	   the	  effect	  of	  growth	  temperature	  was	  shown	  to	  be	   less	  significant	  than	  the	  design	  of	  the	  cooler,	   the	  other	  growth	  variables	  are	  still	   in	  need	  of	  proper	  investigation.	  An	  investigation	  into	  methane	  concentration	  and	  growth	   duration	   (i.e.	   growth	   thickness)	   with	   respect	   to	   secondary	   electron	  emission	   is	   needed	   to	   find	   the	   optimal	   conditions	   for	   hydrogen	   mediated	  secondary	   electron	   emission.	  This	  would	   then	  be	   complimented	  by	   the	  use	  of	  alkali	   metal	   oxide	   mediated	   diamond	   surfaces,	   of	   which	   early	   theoretical	  calculations	   show	   promise	   in	   greater	   negative	   electron	   affinities	   and	   higher	  long	  term	  stability.	  	  
	  
The	  next	  major	  challenge	  facing	  the	  introduction	  of	  NCD	  films	  into	  Photonis’	  image	   intensifier	   system	   would	   be	   combining	   the	   positive	   results	   seen	   in	  chapters	  7	  and	  8.	  The	  results,	  at	  this	  early	  stage,	  can	  be	  thought	  of	  commercially,	  as	  proof	  of	  the	  concept	  of	  diamond	  enhanced	  image	  intensifier	  systems.	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Appendix	  A:	  Equivalent	  circuit	  model	  data	  	  
This	   appendix	   details	   the	   values	   assigned	   to	   the	   circuit	   components	   by	  modelling	  the	  data	  presented	  in	  the	  Cole-­‐Cole	  plots	  throughout	  Chapter	  6.	  Here,	  the	   extracted	   values	   are	   given	   for	   a	   simplified	   Randles	   circuit,	   using	   the	  structure	  described	  in	  Figure	  6.4	  as	  a	  starting	  point.	  N/A	  is	  shown	  for	  data	  sets	  that	   were	   more	   accurately	   modelled	   by	   the	   removal	   of	   the	   series	   resistance.	  This	   indicates	   the	  material	   at	   this	   temperature	   showed	   little	   (in	   context	  with	  the	  other	  modelled	  circuit	  components)	  or	  no	  series	  (or	  access)	  resistance.	  Note	  values	  of	  Rx	  are	  in	  Ω	  and	  Cx	  in	  F.	  
Untreated	  ND	  layer	  in	  air	  
	  
Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
25	   Rs	   986240	   2.781E05	   28.198	  
	   R1	   1.767E+10	   1.7623E09	   9.9734	  
	   C1	   1.255E-­‐11	   5.6801E-­‐13	   4.5263	  
75	   Rs	   9.3421E05	  	   1.912E05	   20.466	  
	   R1	   4.1046E10	   4.09E09	   9.9644	  
242	  	  
	   C1	   1.3221E-­‐11	   4.23E-­‐13	   3.1995	  
100	   Rs	   7.9167E05	   1.2147E05	   15.344	  
	   R1	   4.594E10	   3.378E09	   7.3531	  
	   C1	   1.3613E-­‐11	   2.9745E-­‐13	   2.185	  
125	   Rs	   6.5199E05	   78601	   12.056	  
	   R1	   4.4742E10	   2.2488E09	   5.0261	  
	   C1	   5.45E05	   1.7713E05	   32.501	  
150	   Rs	   5.45E05	   1.7713E05	   32.501	  
	   R1	   1.8958E10	   1.7038E09	   8.9872	  
	   C1	   1.3607E-­‐11	   4.8659E-­‐13	   3.576	  
	  
Hydrogen	  ND	  layer	  in	  air	  
	  
Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
300	   Rs	   N/A	   N/A	   N/A	  
	   R1	   62366	   1058.1	   1.6966	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   C1	   5.2271E-­‐11	   1.6095E-­‐12	   3.0791	  
	   R2	   22522	   4078.8	   18.11	  
	   C2	   4.7069E-­‐11	   1.7109E-­‐12	   3.6349	  	  
Hydrogen	  ND	  layer	  in	  vacuum	  
	  
Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
150	   Rs	   N/A	   N/A	   N/A	  
	   R1	   1.3604E07	   6.3863E05	   4.6944	  
	   C1	   7.5123E-­‐11	   3.4162E-­‐12	   4.5475	  
	   R2	   3088	   360.56	   11.676	  
	   C2	   1.3792E-­‐11	   2.5815E-­‐12	   18.717	  
	  
Oxygen	  ND	  layer	  in	  air	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Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
100	   Rs	   N/A	   N/A	   N/A	  
	   R1	   6.684E09	   3.6142E08	   5.4072	  
	   C1	   7.6282E-­‐11	   1.0849E-­‐12	   1.4222	  
150	   Rs	   N/A	   N/A	   N/A	  
	   R1	   16835	   340.96	   2.0253	  
	   C1	   7.6845E-­‐11	   5.7264E-­‐12	   7.4519	  
100	  after	  200	   Rs	   N/A	   N/A	   N/A	  
	   R1	   1.0008E05	   1207.9	   1.2069	  
	   C1	   7.6688E-­‐11	   1.937E-­‐12	   2.5258	  
50	  after	  200	   Rs	   N/A	   N/A	   N/A	  
	   R1	   2.2024E05	   533.24	   0.2421	  
	   C1	   7.638E-­‐11	   3.318E-­‐13	   0.4344	  
30	  after	  200	   Rs	   N/A	   N/A	   N/A	  
	   R1	   2.6646E05	   682.87	   0.2562	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   C1	   7.638E-­‐11	   3.3927E-­‐13	   0.4441	  
	  
Oxygen	  ND	  layer	  in	  vacuum	  
	  
Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
30	   Rs	   465.6	   35.304	   7.5825	  
	   R1	   1.7782E08	   5.1998E06	   2.9242	  
	   C1	   7.7877E-­‐11	   1.4097E-­‐12	   1.8102	  
30	  24	  hours	  
after	  475	   Rs	   330.9	   246.6	   74.524	  
	   R1	   1.0489E09	   6.3275E07	   6.0325	  
	   C1	   1.2656E-­‐11	   5.0585E-­‐13	   3.9969	  	   	   	   	   	   	   	   	   	   	   	  
Thick	  hydrogen	  ND	  layer	  in	  vacuum	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Temperature	  (°C)	   Element	   Value	   Error	   Error	  %	  
530	   Rs	   80670	   18793	   23.296	  
	   R1	   6.0404E07	   3.5647E07	   59.014	  
	   C1	   7.2779E-­‐13	   6.3915E-­‐14	   8.7821	  
	   PseudoR1	   -­‐1.5494E07	   8.1135E05	   5.2365	  
	   PseudoC1	   -­‐8.4548E-­‐12	   1.0474E-­‐12	   12.388	  
	   PseudoR2	   -­‐7.9124E06	   3.7093E05	   4.688	  
	   PseudoC2	   -­‐4.6664E-­‐08	   3.0736E-­‐09	   6.5867	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Appendix	  B:	  Chapter	  7	  data	  	  
Round	  1	  full	  sample	  details	  
	  
Note:	  Under	  the	  SEM,	  all	  Round	  1	  samples	  showed	  evidence	  of	  stress	   lines	  at	  the	  top	  of	  the	  channel.	  
	  
#1709-­‐1	  (not	  shown	  in	  SEM	  Table	  7.2)	  (reduced	  diameter	  MCP)	  
Conditions:	   1600µl	   backfill,	   1	   minute	   ultrasonication	   (US).	   Base	   pressure	  6×10-­‐6	  mbar,	   growth	   power	   583	  W,	   growth	   pressure	   11.5	   Torr.	   Notes:	   Strong	  blue	   colour	   apparent,	   quite	   quick	   on	   temperature	   ramp	   between	   350-­‐375˚C,	  slow	  from	  380-­‐400˚C	  and	  allowed	  plenty	  of	  time	  to	  acclimatise.	  Sent	  to	  Photonis	  for	   measurement	   (hence	   not	   in	   SEM	   table	   above),	   resistance	   found	   to	   be	  approximately	  105	  MΩ	   (10nA	  @	  1000V,	  where	  103	  MΩ	   is	   considered	  normal),	  secondary	  electron	  yield	  (SEY)	  =	  2.8.	  Large	  increase	  in	  resistance	  not	  thought	  to	  be	  critical	  problem	  by	  Photonis.	  
	  
#1709-­‐2	  (reduced	  diameter	  MCP)	  
Conditions:	  800µl	  backfill,	  1	  minute	  US.	  Base	  pressure	  9×10-­‐6	  mbar,	  growth	  power	   580	  W,	   growth	   pressure	   11.5	   Torr.	   ½	   carbon	   coated	   for	   reduced	  charging	   in	   later	   SEM.	   Notes:	   SEM	   shows	   750nm	   diameter	   ‘chocolate	   drop’	  structure	  12µm	  down,	  likely	  coalesced	  ND.	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NB:	   Estimated	  growth	   thickness	   at	  channel	   entrance	  (from	   SEM	   image)	   =	  103nm	  
	  
	  
	  
	  
Figure	   7.11	   Data	   analysis	   of	   sample	   number	   1709-­‐2	   (800µl	   backfill).	   Distance	   is	  
measured	  from	  the	  top	  of	  the	  channel	  opening.	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#1210-­‐1	  (reduced	  diameter	  MCP)	  
Conditions:	  600µl	  backfill,	  1	  minute	  US.	  Base	  pressure	  5×10-­‐5	  mbar,	  growth	  power	   548	  W,	   growth	   pressure	   14	   Torr.	   ½	   carbon	   coated	   (after	   taking	   SEM	  images	  on	  surface).	  Notes:	  went	  to	  300˚C	  in	  H2	  plasma	  briefly	  (H2	  shortage)	  and	  back	  to	  room	  temp	  day	  before	  growth.	  SEM	  shows	  lots	  of	  ND	  on	  cleaved	  surface,	  possibly	  due	  to	  poor	  adhesion	  of	  NDs.	  
	  
	  
Estimated	   growth	  thickness	   at	   channel	  entrance	   was	  impossible	   to	  distinguish	   from	   SEM	  image.	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Figure	  7.12	  Data	  analysis	  of	  sample	  number	  1210-­‐1	  (600µl	  backfill).	  
	  
#1709-­‐3	  (reduced	  diameter	  MCP)	  
Conditions:	   400µl	   backfill,	   1	   minute	   US.	   Base	   pressure	   6.5×10-­‐6	   mbar,	  growth	  power	  582	  W,	  growth	  pressure	  12	  Torr.	  ½	  carbon	  coated	  (after	  taking	  SEM	   images	  on	  surface).	  Notes:	  Plasma	  off	   centre,	  as	  evidenced	  by	  misaligned	  damage	  to	  metallisation.	  
	  
Estimated	  growth	  thickness	  at	  channel	  entrance	  (from	  SEM	  image)	  =	  147nm	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Figure	  7.13	  Data	  analysis	  of	  sample	  number	  1709-­‐3	  (400µl	  backfill).	  
	  
#0410-­‐2	  (reduced	  diameter	  MCP)	  
Conditions:	  60µl	  backfill,	  1	  minute	  US.	  Base	  pressure	  5×10-­‐5	  mbar,	  0.5%	  CH4	  at	  start	  only,	  2%	  for	  majority	  of	  growth	  (2	  hours	  ~390˚C),	  growth	  power	  573	  W,	  growth	   pressure	   13.6	   Torr.	   ½	   carbon	   coated	   (after	   taking	   SEM	   images	   on	  surface).	  Notes:	  1	  hour	  30	  mins	  into	  growth	  CH4	  content	  accidentally	  up	  to	  2%	  due	  to	  reduction	  in	  hydrogen	  flow,	  sample	  holder	  very	  sooty	  after	  growth.	  SEM	  shows	  some	  ND	  residue	  on	  cleaved	  surface,	  again,	  likely	  due	  to	  poor	  adhesion.	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Estimated	   growth	  thickness	   at	  channel	   entrance	  (from	   SEM	   image)	  =	  113nm	  
	  
	  
	  
	  
Figure	  7.14	  Data	  analysis	  of	  sample	  number	  0410-­‐2	  (60µl	  backfill).	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#0410-­‐1	  (reduced	  diameter	  MCP)	  
Conditions:	   20µl	   backfill,	   1	  minute	  US.	  Base	  pressure	  9×10-­‐6	  mbar,	   growth	  power	  573	  W,	   growth	  pressure	  13.6	  Torr.	  ½	   carbon	   coated	   (after	   taking	   SEM	  images	  of	   surface).	  Notes:	   SEM	  shows	   large	  agglomerations,	  with	  high	   surface	  roughness.	  
	  
Estimated	   growth	  thickness	   at	  channel	   entrance	  (from	   SEM	   image)	  =	  145nm	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Figure	  7.15	  Data	  analysis	  of	  sample	  number	  0410-­‐1	  (20µl	  backfill).	  
	  
#2510-­‐1	  (reduced	  diameter	  MCP)	  	  
Conditions:	  10µl	  backfill,	  1	  minute	  US.	  Base	  pressure	  7.5×10-­‐5	  mbar,	  growth	  power	  600	  W,	   growth	  pressure	  20.1	  Torr.	  ½	   carbon	   coated	   (after	   taking	   SEM	  images	   on	   surface).	  Notes:	   10µl	   seems	   too	   low	   to	   adequately	   cover	   the	  6	  mm	  reduced	  channel	  MCP	  as	  bead	  formed	  on	  jig	  surface	  is	  significantly	  smaller	  than	  6	  mm.	  
	  
Estimated	  growth	   thickness	  at	   channel	  entrance	   (from	  SEM	   image)	   =	  133nm	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Figure	  7.16	  Data	  analysis	  of	  sample	  number	  2510-­‐1	  (10µl	  backfill).	  
	  
	  
Round	  2	  full	  sample	  details	  
	  
#1411-­‐1	  (reduced	  diameter	  MCP)	  
Conditions:	  1	  minute	  dip,	  20µl	  backfill.	  Base	  pressure	  1×10-­‐5	  mbar,	  growth	  power	   580	  W,	   growth	   pressure	   22	   Torr.	   Notes:	   Slight	   concave	   warp	   of	   MCP	  apparent.	  SEM	  shows	  low	  surface	  roughness	  of	  NCD	  in	  channel.	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Estimated	   growth	  thickness	   at	  channel	   entrance	  (from	   SEM	   image)	  =	  136nm	  
	  
	  
	  
	  
Figure	  7.17	  Data	  analysis	  of	  sample	  number	  1411-­‐1	  (1	  minute	  dip).	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#1411-­‐2	  (reduced	  diameter	  MCP)	  
Conditions:	  5	  seconds	  US,	  20µl	  backfill.	  Base	  pressure	  1×10-­‐5	  mbar,	  growth	  power	  570	  W,	  growth	  pressure	  22	  Torr.	  Notes:	  SEM	  shows	  some	  ND	  on	  cleaved	  surface.	  
	  
Estimated	   growth	  thickness	   at	  channel	   entrance	  (from	  SEM	   image)	  =	  135nm	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Figure	  7.18	  Data	  analysis	  of	  sample	  number	  1411-­‐2	  (5	  seconds	  US).	  
	  
#1411-­‐3	  (reduced	  diameter	  MCP)	  
Conditions:	  30	  seconds	  US,	  20µl	  backfill.	  Base	  pressure	  6×10-­‐5	  mbar,	  growth	  power	  536	  W,	   growth	  pressure	  20	  Torr.	  Notes:	  Very	   slight	  warp	  of	  MCP.	   SEM	  shows	  low	  particle	  density	  throughout.	  
	  
Estimated	   growth	  thickness	   at	  channel	   entrance	  was	   impossible	   to	  distinguish	   from	  SEM	  image.	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Figure	  7.19	  Data	  analysis	  of	  sample	  number	  1411-­‐3	  (30	  seconds	  US).	  
	  
#1411-­‐4	  (reduced	  diameter	  MCP)	  
Conditions:	  5	  minutes	  US,	  20µl	  backfill.	  Base	  pressure	  3×10-­‐5	  mbar,	  growth	  power	  570	  W,	   growth	  pressure	  20	  Torr.	  Notes:	  As	   before,	   very	   slight	  warp	  of	  MCP.	  Centre	  darker	  than	  others,	  suggesting	  a	  rougher	  surface	  is	  scattering	  light	  more	   effectively.	   Otherwise	   a	   generally	   colourful	   surface.	   SEM	   shows	   good	  particle	  density	  but	  evidence	  of	  slight	  clumping	  of	  NDs.	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Estimated	   growth	  thickness	   at	  channel	   entrance	  (from	   SEM	   image)	  =	  109nm	  
	  
	  
	  
	  
Figure	  7.20	  Data	  analysis	  of	  sample	  number	  1411-­‐4	  (5	  minutes	  US).	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#1411-­‐5	  (reduced	  diameter	  MCP)	  
Conditions:	  10	  minutes	  US,	  20µl	  backfill.	  Base	  pressure	  7×10-­‐5	  mbar,	  growth	  power	  540	  W,	  growth	  pressure	  20	  Torr.	  Notes:	  SEM	  shows	  good	  coverage	  (with	  low	  roughness)	  but	  not	  perfect	  –	  first	  blank	  patch	  at	  5µm	  depth	  in	  channel.	  
	  
Estimated	  growth	  thickness	  at	   channel	  entrance	   (from	  SEM	   image)	   =	  100nm	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Figure	  7.	  21	  Data	  analysis	  of	  sample	  number	  1411-­‐5	  (10	  minutes	  US).	  
	  
Blank	  MCP	  (reduced	  diameter	  MCP)	  
Notes:	  Taken	  from	  same	  batch	  as	  other	  reduced	  diameter	  MCPs	  used.	  Some	  
ca.	   100nm	   diameter	   particles	   are	   observed	   very	   sparsely	   distributed	   in	   the	  channels.	  However,	   these	  particles	  are	  not	  seen	  on	  cleaved	  surface.	  The	  origin	  of	   these	  particles	  could	  be	  residue	   from	  cleaving	  process,	  cross	  contamination	  of	   grown	   ND	   from	   the	   others	   in	   the	   sample	   series,	   or	   contamination	   of	   the	  channels	  during	  their	  fabrication	  at	  Photonis.	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Appendix	  C:	  Chapter	  8	  data	  	  
380˚C	  
	  
Figure	   8.14	   AFM	   line	   scan	   of	   NCD	   film	   grown	   at	   380°C.	   The	   dotted	   line	  
represents	  the	  limits	  of	  the	  length	  measurement.	  	  	  
Figure	  8.13	  Scanning	  electron	  micrograph	  of	  NCD	  surface	  grown	  at	  380°C.	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Figure	  8.13	  shows	  the	  surface	  of	   the	  NCD	   layer	  grown	  on	  silicon	  at	  380°C.	  The	   round	   shape	   of	   the	   crystallites	   reveals	   no	   crystal	   orientation	   is	   favoured,	  instead	   all	   possible	   orientations	   grow	   concurrently,	   twinning	   to	   form	  what	   is	  referred	  to	  as	  ‘ballas	  type’	  diamond	  due	  to	  its	  visual	  similarity	  to	  ballas	  stones.1	  This	  form	  of	  diamond	  is	  common	  in	  sub	  optimal	  growth	  conditions	  and	  is	  likely	  due	   to	   the	   incomplete	   decomposition	   of	   the	   CH4	   into	   diamond	   regrowth	  precursors,	   causing	   the	   inclusion	   of	   a	   high	   number	   of	   twinning	   and	   stacking	  faults.2	  The	   NCD	   layer	   appears	   to	   cover	   almost	   the	   entire	   surface,	   with	   some	  small	   gaps	  between	  grains.	  The	   surface	  pertains	   to	  essentially	  one	  grain	   layer	  with	  a	  small	  number	  of	  secondary	  grains	  sitting	  on	  top	  of	  the	  primary	  layer.	  The	  primary	  and	  secondary	  grains	  are	  approximately	  100-­‐200	  nm	  although	  many	  of	  the	  primary	  grains	  have	  coalesced	  at	  an	  earlier	  stage	  of	  the	  growth,	  making	  an	  accurate	   determination	   of	   the	   grain	   size	   difficult.	   The	   film	   thickness,	   as	  determined	   by	   AFM,	   was	   193	   nm	   (Figure	   8.14),	   therefore	   the	   growth	   rate	   is	  around	  64	  nm/hr.	  
Figure	  8.15	  Raman	  spectrum	  of	  NCD	  film	  grown	  at	  380°C.	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The	  Raman	  spectrum	  presented	  in	  Figure	  8.15	  yields	  two	  peaks,	  the	  first	  a	  broad	   peak	   at	   1332	   cm-­‐1.	   The	   second	   peak	   is	   situated	   at	   1559	   cm-­‐1,	  corresponding	  to	  the	  G-­‐band	  (typically	  quoted	  as	  1560	  cm-­‐1)	  due	  to	  the	  in-­‐plane	  stretching	   mode	   of	   sp2	   carbon.	   G-­‐band	   peaks	   seen	   in	   NCD	   are	   typically	  associated	   with	   grain	   boundaries, 3 	  however	   considering	   the	   unusual	  morphology	  of	  this	  sample,	  the	  sp2	  carbon	  could	  be	  situated	  within	  the	  grains.	  Figure	  8.16	  shows	  the	  SEY	  of	  the	  380°C	  film.	  Here,	  a	  maximum	  gain	  of	  4.2	  at	  an	  incident	  electron	  energy	  of	  500	  eV	  was	  recorded.	  
	  
Figure	  8.16	  SEY	  of	  NCD	   film	  grown	  at	  380°C	  as	  a	   function	  of	   incident	   electron	  
energy.	  Beam	  energies	  used	  are	  given	  in	  the	  legend.	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The	  layer	  grown	  at	  420°C	  shows	  a	  similar	  morphology	  to	  that	  seen	  in	  the	  400°C	  sample,	  albeit	  with	  a	  slightly	  smoother	  surface,	  with	  a	  grain	  size	  on	  the	  order	  of	  80-­‐100	  nm.	  Figure	  8.18	  shows	  the	  thickness	  of	  the	  420°C	  growth	  to	  be	  250	  nm,	  which	  corresponds	  to	  a	  growth	  rate	  of	  approximately	  83	  nm/hr.	  	  
Figure	  8.17	  Scanning	  electron	  micrograph	  of	  NCD	  surface	  grown	  at	  420°C.	  
Figure	  8.18	  AFM	  line	  scan	  of	  NCD	  film	  grown	  at	  420°C.	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   Figure	  8.20	  shows	  the	  spectrum	  of	  the	  film	  grown	  at	  420°C	  is	  very	  similar	  to	  that	   seen	   in	   Figure	   8.3,	   with	   a	   more	   defined	   pair	   of	   peaks.	   The	   G	   peak	   at	  	  	  	  1555	  cm	  -­‐1	   is	   slightly	   redshifted,	   suggesting	   greater	   strain	   in	   the	   graphitic	  material	   within	   the	   NCD	   layer	   grown	   at	   420°C.6	   The	   maximum	   SEY	   for	   the	  420°C	  growth	  was	  5.5	  at	  ~700	  eV,	  a	  result	  very	  similar	  to	  that	  seen	  in	  the	  400°C	  sample.	  	  
Figure	  8.19	  SEY	  of	  NCD	  film	  grown	  at	  420°C.	  
Figure	  8.20	  Raman	  spectrum	  of	  NCD	  film	  grown	  at	  420°C.	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The	   surface	   in	   Figure	   8.21	   is	   a	   departure	   from	   the	   previous	   three	  temperatures.	  At	   600°C	   a	   smoother,	   less	   granular	   surface	  presents	   itself.	   This	  film	  was	  measured	  to	  be	  595	  nm,	  suggesting	  a	  large	  increase	  in	  growth	  rate,	  up	  to	  ca.	  198	  nm/hr	  (Figure	  8.22).	  
	  
Figure	  8.21	  Scanning	  electron	  micrograph	  of	  NCD	  surface	  grown	  at	  600°C.	  
Figure	  8.22	  AFM	  line	  scan	  of	  NCD	  film	  grown	  at	  600°C.	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   Figure	  8.23	  Secondary	  elctron	  yield	  	  of	  NCD	  film	  grown	  at	  600°C.	  
Figure	  8.24	  Raman	  spectrum	  of	  film	  grown	  at	  600°C.	  
1134 
	  
1190 
	  
1334 
	  
270	  	  
The	  spectrum	  in	  Figure	  8.24	  has	  undergone	  clipping	  of	  the	  Raman	  intensity	  signal	  due	  to	  the	  very	  high	  background	  luminescence.	  However	  some	  peaks	  can	  still	   be	   identified	   at	   1134	   cm-­‐1,	   1190	   cm-­‐1,	   1334	   cm-­‐1.	   The	  weak	   peak	   seen	   at	  1134	  cm-­‐1	  can	  be	  attributed	  to	  trans-­‐polyacetelene	  within	  the	  grain	  boundaries	  and	   surfaces	   of	   the	   NCD	   layer.4	  The	   very	  weak	   peak	   at	   1190	   cm-­‐1	  may	   be	   the	  stretching	   vibration	   modes	   of	   polyene-­‐like	   structures.5	  Finally	   the	   peak	   at	  1334	  cm-­‐1	   is	   a	   slightly	   shifted	   away	   from	   the	   value	   normally	   given	   for	   a	  diamond	  peak	  (1332.4	  cm-­‐1),	  suggesting	  residual	  stress	  in	  the	  film,6	  likely	  on	  the	  order	  of	  1	  GPa.7	  The	  SEY	  maximum	  was	  observed	  in	  the	  400-­‐700	  eV	  region	  with	  a	  yield	  of	  3.8.	  The	  broad	  peak	  may	  be	  due	  to	  the	  increased	  thickness	  of	  the	  layer	  giving	  an	  increased	  depth	  of	  generation	  of	  secondary	  electrons.20	  	  
	  
3	  hours	  growth	  
	  
Figure	  8.25	  Scanning	  electron	  micrograph	  of	  NCD	  surface	  grown	  at	  400°C	  using	  the	  
final	  sample	  cooler,	  the	  2	  pipe	  reservoir,	  for	  3	  hours.	  The	  enhanced	  cooling	  capability	  of	  
this	  cooler	  enabled	  the	  use	  of	  microwave	  powers	  more	  than	  double	  that	  used	  throughout	  
section	  8.3.1	  (see	  table	  7.1).	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The	   upgraded	   sample	   holder	   resulted	   in	   a	   slower	   growth	   rate	   –	   after	   3	  hours	   of	   growth	   the	   film	   remains	   incomplete	   with	   large	   gaps	   between	   the	  enlarged	   ND	   seeds.	   A	   measurement	   of	   the	   film	   thickness	   is	   therefore	   not	  possible,	   although	   the	   grain	   size	   can	   be	   estimated	   from	   higher	   resolution	  images	   to	   be	   in	   the	   60-­‐100	  nm	   range.	  However	   the	  micrograph	  does	   indicate	  the	  initial	  stages	  of	  growth	  of	  highly	  faceted	  NCD.	  	  
	  
	  
Figure	  8.23	   shows	   the	  Raman	  spectrum	   from	   the	  3	  hour	   sample.	  The	   first	  labelled	   peak,	   at	   1332	   cm-­‐1,	   is	   a	  much	   sharper	   diamond	  peak	   than	  previously	  seen,	   with	   no	   additional	   stress.	   This	   is	   encouraging	   evidence	   of	   the	   superior	  growth	   conditions	   used.	   At	   1528	   cm-­‐1	   a	   broad	   G	   peak	   is	   present	   with	   low	  relative	   intensity.	   Next,	   the	   peak	   seen	   at	   1726	   cm-­‐1	   has	   been	   tentatively	  
Figure	   8.	   26	   Raman	   spectrum	   of	   NCD	   surface	   grown	   at	   400°C	   using	   the	   final	  
sample	  cooler	  for	  3	  hours.	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attributed	  to	  defects	  in	  the	  diamond	  lattice	  by	  Prawer	  et	  al.8	  Finally,	  the	  peak	  at	  1881	   cm-­‐1	   is	   associated	  with	   hydrogen	   passivated	   silicon,9	  whose	   inclusion	   in	  the	  spectrum	  is	  due	  to	  the	  incomplete	  film	  exposing	  the	  silicon	  substrate.	  This	  combination	  of	  peaks	   supports	   the	  observation	   from	   the	  SEM	   images	   that	   the	  growth	   resulted	   in	   an	   incomplete	   layer	   containing	   a	   low	   proportion	   of	   non-­‐diamond	   carbon.	   The	   SEY	   seen	   in	   figure	   8.24	   is	   comparable	   to	   that	   seen	   in	  Figure	  8.4	  in	  terms	  of	  both	  shape	  and	  magnitude.	  A	  maximal	  gain	  of	  5.8	  (6.2	  if	  the	  800	  eV	  beam	  energy	  and	  800	  eV	   incident	  energy	  data	  point	   is	   taken	  to	  be	  reliable)	   around	   800	   eV	   suggests	   far	   more	   effective	   NCD	   growth	   from	   a	   SEY	  perspective,	   even	  without	   a	   fully	   closed	   film.	   Therefore	   the	   slow	   growth	   rate	  and	  high	  applied	  microwave	  power	  can	  be	  seen	  to	  be	  a	  more	  effective	  growth	  regime	  for	  low	  temperature	  NCD	  growth,	  even	  without	  a	  complete	  film	  present.	  
	  
	  
Figure	  8.	  27	  SEY	  of	  NCD	  surface	  grown	  at	  400°C	  for	  3	  hours	  using	  the	  final	  sample	  cooler,	  the	  2	  pipe	  reservoir.	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